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ABSTRACT

PART I.

The mechanism of electrophilic substitution of metal-
locenes was investigated by the competitive acetylation of
ferrocene and ruthenocene and of ferrocene and 1,1'-di-
ethylferrocene. Solvolyses of W -ferrocenylalkyl p-bromo-
benzenesulfonates did not show any significant aryl partici-
pation. These results lead to the hypothesis that direct
interaction between the metal and the electrophile is of
great importance in electrophilic substitution reactions
of metallocenes.

PART ITI.

The bromination and chlorination of 4-t-butyleyclo-
hexene have been shown to produce diequatorial dihalides
as well as diaxial dihalides. The amount of diequatorial
dichloride produced increases with solvent polarity. The
results are explained in terms of two competing mechanisms,
the classical, planar trans-addition and a cerbonium ion
proceas which increases in importance in the more polar
solvents.

PART III.

Idthium aluminum hydride reduction of ci18-2,6-di-
methyleyclohexanone gave only 14% of the 2(e),6(e)-dimethyl-
1(e)-cyclohexanol. This 18 in striking contrast to other
results for lithium alumimum hydride reductions. Two
equatorial groups adjacent to a reaction center on a
cyclohexane ring thus cause an especially severe steric
hindrance at that center,.
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EILECTROPHILIC AROMATIC SUBSTITUTION OF METALIOCENES



1. INTRODUCTION

Since the initial discovery of the aromatic behavior
of ferrocene (1), it has become increasingly apparent that
the metallocenes of the group VIII metals exhibit striking
aromatic character. Cyclopentadienyl manganese tricarbonyl
also has aromatic character since it may be acetylated,
benzoylated, alkylated, sulfonated, and metalated (2,3,4).
The heats of formation of ferrocene and nickelocene in-
dicate a high resonance stabilization of the metallocene
system although nickelocene is considerably less stable than
ferrocene (5,6). The aromatic stability of ferrocene is
further exemplified by its failure to form an adduct with
maleic anhydride (1). Also, ferrocene is not hydrogenated
in the presence of platimum catalyst (1). Ferrocene has
been shown to undergo Friedel-Crafts alkylaciénu (7) and
acylations (1,8), metalations (9,10,11), and sulfonations
(12), usually with remarkable ease. Nitration and direct
halogenation of ferrocene have been unsuccessful largely
because of the sensitivity of ferrocene to the oxidizing
conditions of these reactions and the resulting decomposition
of the organometallic compound (1,13,14).

Other evidence for the high reactivity of the metallo-
cenes comes from an examination of the conditions required
to obtain electrwphiiic substitution. Ferrocene can be
acylated in the Priedel-Crafts manner under very mild condi-
tions (9,12,15,16), Catalysts which have been used to bring
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about acylation of ferrocene are aluminum chloride (1),
stannic chloride (9,17), hydrogen fluoride (12), boron tri-
fluoride (15,18), phosphoric aecid (16,19,20), and tri-
fluorcvacetic anhydride (19). Reaction times are usually
short; ten to sixty mimites generally suffice to complete
the reaction.

A similar ease of acylation is found among the reactions
of heterocyclic compounds. For example, 1,2-dimethylindole
18 acetylated by acetic anhydride at 100° without a catalyst
(21). In a manner similar to ferrocene (16), thiophene re-
acts with acetic anhydride in the presence of 85% phos-
phoric acid (22). Stannic chloride also catalyzes the re-
action of thiophene with acid chlorides in benzene solution
(23).

The acylation products of the metallocenes further
imply high metallocene reactivity. With acetyl chloride
and aluminum chloride ferrocene gives mmall amounts of
1,2-diacetylferrocene (2U,25,26) whereas benzene gives only
monosubstitution (27). Also, both ferrocene and ruthenocene
give 1,1'-diacylated products (1,28,29).

Competitive Friedel-Crafts acetylations of ferrocene
and anisole, phenol, or benzene, respectively, give only
acetylferrocene and no acetophenones (18). However, in

these experiments not all of the reactants were accounted for,
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Fbrrocené may be mercurated tc give disubstituted
product (9,11). Various heterocyclic compounde of high
reactivity are also easily mercurated (30). For example,
all four hydrogens of thicphene miy be substituted by reflux-
ing in acetic acid with mercuric acetate (31). Although
toluene and benzene are also mercurated at reasonable rates,
the reaction requires acid catalysis and, furthermore, mono-
substitution predominates (32).

Two additional electrophilic substitutions which re-
flect the high reactivity of metallocenes are formylation
(16,18, 33,34,35,36,37,38,39) and aminomethylation (Mannich
reaction). Thus, ferrocene reacts with N-methylformanilide
and phosphorus oxychloride to give about 70% of ferrocene-
earboxaldehyde (16,33,34). Some ferrocene is often re-
covered unreacted. Only the more reactive aromatic hydro-
carbons behave in this manner (33); for example, anthrscene
gives excellent yields of the 9-aldehyde (40). Again,
heterocyclic aromatic compounds are similarly reactive.
Treatment of indole with N-methylformanilide and phosphorus
oxychloride gives 54% of 3-indolecarboxaldehyde (41).

The reaction of ferrocene with methylenebisdimethyl-
amine and phosphoric acid in acetic acid on a water bath
for ten hours gilves 2 quantitative yleld of dimethyl (ferro-
cenylmethyl) amine (38). PFrom methylenebispiperidine a
T0% yileld of piperidinomethylferrocene is obtained (38).
Reaction times required for aminomethylation of ferrocene
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are generally longer than those required for acylation.

For comparison with heterccyelic chemistry, the amino-
methylation of indole gives 40% of gramine (42). The re-
action 1s completed more rapidly than in the case of ferro-
cene,

Perrocene is sufficiently reactive so thet disubstitu-
tion mey occur in aminomethylation., Thus, although re-
action of ferrocene with N-methylformanilide and phosphorus
oxychloride cannot be made to give the dialdehyde (33), 19%
of disubstituted product has been cobtained from the reaction
of methylferrocene with methyleneblsdimethylamine, formalde-
hyde, and phosphoric acid in acetic acid at 90° for seven
hours (39).

A pinacel rearrangement in which an aryl group mi-
grates may be considered to be an electrophilic aromatic
substitution since the migration of an aryl group involves
release of electrons from the aryl group to the carbonium
ion center. The extent to which a particular aryl group
migrates may be expected to parallel the reactivity of that
aryl group towards electrophilic aromatic substitution.
Thus, 1,2-diphenyl-l,2-diferrocenylethanediol undergoes a
facile pinacol rearrangement in which the ferrocene micleus
migrates (43). This result implies the greater reactivity
of ferrocene compared to benzene in electrophilic substitu-

tions.
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S8imilarly, aryl participation in the ionization of
alkyl side chein esters 1s an electrophilic aromatic sub-
stitution (44). In this connection the solvolysis of 2-
ferrocenylethyl tosylate in 80% acetone-water proceeds 537
times faster than the phenyl derivative (45). Although other
data for the solvolysis of 2-arylethyl tosylates in 80%
acetone-water are lacidng, from the available results for
2-phenylethyl and Z2-anisylethyl tosylates in ethanol,
acetic acid, and formic acid (46) & modicum of aryl participa-
tion would be expected for 2-phenylethyl tosylate in 80%
acetone-water, a solvent of medium ilonlizing strength (47),
whereag the anisyl derivatives and gimilarly reactive com-
pounds would exhibit rate enhancements due to aryl partici-
pation. It 18 difficult to predict whether the 2-anigyl-
ethyl tosylate would solvolyze as fast as 2-ferrocenylethyl
tosylate since for the 2-arylethyl system the plot of log
k against ¥ is not a straight line and enough points are
not available to determine the curvature,

Reactions other than the electrophilic substitutions
previocusly discussed provide further evidence of the high
reactivity of metallocenes. An adjacent metallocene
nucleus greatly stabilizes a cation. For example, ferrocene-
carboxaldehyde is scluble in aqueous acid appsarently due
to protonation to ﬁiva a hydroxycarbonium ion (18). Even

more conclusive 18 the observation that metallocenylecarbinyl-
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carbonium ions formed on hydrolysis of the corresponding
acetaterg are of stablility comparable to the triphenyl-
methylcarbonium ion (45,48,49),

The central metal atom may be directly involved in
the reactions of metallocenes (45,48,49). Nuclear magnetic
resonance studies have shown that the metallocenes are pro-
tonated on the metal (50). Electrophilic attack may in-
volve cites of high electron density in the metal atom.
Treatments of the electronic structure of the metallocenes
give more precime locations to the metal electron densities
(51-57). The Moffitt treatment (51) indicates the presence
of an equatorial belt of electrons arocund the metal con-
gisting of the hybrid hag orbital and the original dxy and
dxe_y2 orbitals of the metal., Other treatments imply that
some of these electrons are tied up with beonding to the
carbocyelic rings (56) although to do so would place these
electrons in strongly antibonding ring orbitals. However,
the hag orbital remains free and is expected to he well
sulted to release its electrons to an electrophile.

The present work comprises an attempt to further under-
stand the electrophilic substitution of metallocenes and to
quantify their reactivity. Also, several interesting re-

sults regarding metallocene reactivity were uncovered.
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2. RESULTS

2.1 Competitive Acetylations

A competitive acetylation of equimolar amounts of
ferrocene and ruthenocene was carried out in methylene
chloride solution using boron trifluoride catalyst. One
equivalent of acetic anhydride was used per equivalent of
ferrocene. The separation of ferrocene, ruthenocene, and
acetylated products was easlly and cleanly accomplished by
chromatography on alumina,. Acetylferrocene was isolated
in 80.5% yield (based on ferrocene) and 844 of the rutheno-
cene wag recovered unreacted. A very minmute amount of di-
acetylferrocene was also obtained. If any unreacted ferro-
cene was present, at most there would have been traces only.
Under the conditions of this acetylation it was shown in .a
separate run that ruthenocene gives good ylelds (80-90%) of
monoacetylruthenocene, but no diacetylruthenocene 1ls formed
(28,29). 1Identification of the products was accomplished
by melting point determination and ultraviolet spectra.
About equal quantities of ferrocene and ruthenocene remain
unaccounted for and may have been lost through decomposition
during reaction. Some operational losses may be expected,
too. Aqueous layers obtained during the work-up were
colored blue due to the presence of ferricinium ion. This
acetylation method is known to give 88-90% yields of acetyl-
ferrocene, no other material being obtained (15).
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Ferrocene and 1,1'-diethylferrocene were similarly
acetylated competitively. Chromatogréphy on alumina gave
384 of acetylferrocene and 56% of acetylated 1,1!'-diethyl-
ferrocene. Again about 20% of the reactants was lost in
decomposition. The ratio of 3-acetyl-1,1'-diethylferrocene
to 2-acetyl-1,1'-diethylferrocene was found to be 2 by
chromatographic separation of the isomers. The two isomers
are individually distinguishable by ultraviolet spectra (58)
although mixtures of isomers cannot be analyzed by ultra-
violet spectroscopy since the absorption maxima are geparated
by only 4um .

It was assumed in calculating relative rate ratiog that
the rate of Friedel-Crafts acetylation may be expressed by

equation 1.

-4 [Met] |y (met] - - - (1)

where [Met] is the concentration of the metallocene. For
competitive acetylations of two different metallocenes, the
rate constant ratio will be given by equation 2,

[Met,,

]final (2)

log
(Met, ]y nsc1a1

The assumption that the ruthenocene not accounted for
i8s acetylated gives a lower limit for the rate ratio of
ferrocene to ruthenocene, From equation 2 it is calculated
that ferrocene is at least 10.5 timea’more reactive than

ruthenocene towards eleectrophilic acetylation.
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In 1,1'-diethylferrocene there are two chemically dif-
ferent types of positions where substitution can occur; the
a-positions and the f-positions (fig. 1). Consideration
of the statistical factors for substitutions at various
positions compared to a single position in ferrocene gives
equation 3.

2 + 2k
R = ku B

5 kfer

(3)

In equaetion 3 the constants Ku and kﬁ are the partial rate
constants for substitution at a single a- and P-position,

respectively, and k is the partial rate constant for a

fer
single position in ferrocene. The rate constant ratioc, R,

is calculated from equation 2 using the amount of acetyl-
ferrccene and the total amount of acetylated diethylferrocene
obtained to estimate the final concentrations of ferrocene
and 1,1'-diethylferrocene. The experimental results to-
gether with an application of equation 2 lead to a value

for R of 1.7. Since kB/ku was experimentally determined

as equal to 2, partial rate factors for the a-~ and B-
positions of 1,1!'-dlethylferrocene are calculated to be

1.4 and 2.8, respectively, relative to a single position in

ferrocene.

2.2 Acid Strengths

It was thought that ferrocene might act as a base
toward strong acids. An attempt to titrate ferrocene in
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B @—CHzCHs

CH, CH,

w
T
D

Q

Figure 1.
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acetic acid with E-toluenesulfonic acid was unsuccesaful,
an cbservation which implies that acetic acid ig a stronger
bage than ferrocene.

Any unusual polar effects in the metallocene system
would he expected to show up in the dissoclation constants
of ferrocene carboxylic acids. Table I lists the results
of a atudy of dissociation constants of ferrocenecarboxylic,
various (U -ferrocenylalkancic, 3-ferrocenoylpropionic,
benzoic, and phenylacetic acids in ethanol-water solvent

of density 0.8916 g/em3 at 25°,
TABLE T

pPX,'s of Acids in Ethanol-Water

Acid PRy
10 9FECOOH 6.61
10 gFECHECOOH 6.4
ClOHQFb(CHe)ECOOH : 6.53

10 ng(CHQ) COOH , 6.63
clO ngCO(CHQ)QCOOH 6.33
CGHBCOOH 6.13
06H5CH2000H 6.08

2.3 Solvolyeis of (D -Ferrocenyl-1-alkyl

gfﬁromobenzene:ulronates

Aryl participation is a form of electrophilic sub-
stitution (see the discussion in the Introduction). To
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further elucidate the aromatic reactivity of the metallo-
cenes the solvolyses of some ferrocenyl side chain esters
were gtudied. Table II lists results of the acetolysis.

at 103.8° of W -ferrocenylalkyl p-bromobenzenesulfom tes.
Also, values for (L -phenylalikyl and (U-methoxyphenylalkyl
£~bromobenzenesu1fbnatea extrapolated from the data of Heck
and Winstein (59) to 103.8° are included. The rate constants
were obtained by a least squares treatment of the data from
each run. Rates were followed to about 50% completion by
potentiometric titration of acid libverated and were first
order as far as followed except in those cases where oxida-
tive decomposition of the reactant bvecame severe. It was
not possible to follow the acetolysis rates to completion
since oxidation of the starting materials and products be-
came excessive at 50% completion. Acid liberated in the
solvolysis appears t0o be consumed in the oxidation reaction.
Oxidation was not prevented by amscorbic acid nor by other
antioxidants but was reduced by maintaining & slow stream
of oxygen-free nitrogen (60) through the solvolysis solu-
tion. Tsable II also contains results for the acetolysis

of isopropyl p-toluenesulfonate, which provides a test of
the solvolysis and titration method. A slight drift to-
wards increasing rate was noted in the solvolyses of ipo-
propyl p-toluenesulfonate which is probably due to a salt
effect.
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TABLE II

Acetolysis Rates of (U -Arylalkyl PBrosylates at 103.8°

Brosylate

3~ferrocenyl-l-propyl
L-ferrocenyl-1-butyl

5~ferrocenyl-l-pentyl

isopropyl tosylate

3-phenyl-1-propyl
4.phenyl-1-butyl
5~phenyl-1-pentyl
h-(gfmethoxyphenyl)~1~buty1
h.(2,4-d1methoxyphenyl)-1-butyl

Conc., % k x 105
M complete sec™1
0.03256 27 1.52
0.02130 66 3.08
0.02794 66 2.10
0.02794 66 2.21
0.04166 22 2.65
0.02928 72 1.66
2.3440.54
0.0387 61 2. 43P
0.04036 19 2.4
0.02291 u7 2.39
2.40+0.01°
0.2085 81 4.0u4d
0.2080 97 3.995
0.02907 73 3-20
0.04373 97 62, e
3.9840.07
1,457
2.26f
2.31f
3.04%
10.8f

a, Average of five runs; error reported as standard
Average of two

deviation. b.
muns. d.

Acetolysis at 105.49,
Acetolysis at 76.0°+0.02°,

Initial rates are 5

given; least squares treatment of all points gives 4.3x10

sec . e,
data of Heck and Winstein (59).

Average of three runs. f.

Extrapolated from
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Product studies of the acetolysis of 4-ferrocenyl-1-
butyl p-bromobenzenesulfonate were performed. Although
extensive oxidation occurred only 4-ferrocenyl-l-butyl
acetate was obtained which was identified by infrared
spectroscopy and comparison with an authentic sample.
However, in cne cage &8 small amount of & non~polar ferro-
cene derivative was isolated by chromatography on alumina,
The infrared spectrum of this substance differed from that
of the expected hydrocarben, 1,2-tetramethyleneferrocene
(61), and also was not identical to n-butylferrocene
(authentic samples of both hydrocarbons were prepared for
comparison). The infrared and ultraviolet spectra in-
dicated the absence of funetional groups either conjugated
with or separated from the ring system., Due to the small
amount of material initially obtalned further characteriza-
tion and indentification was not pogsible, Another at-
tempt to 1solate thime substance falled to yleld any non-
polar substance on chromatography on alumina.

From the acetolysis of 5-ferrocenyl-l-pentyl p-bromo-
benzenesulfonate only acetate ester was obtained, No
product study was made of the acetolysis of 3-ferrocenyl-l-
propyl gfbromozenenesulfbnate.

lLate in this study it was found the hydrolysis in "80%"
acetone-water although slow at 50° proceeded without oxida-

tion. Rates were first order, and the tedious potentiometric
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titration procedure could be eliminated since the acid
liberated could be titrated to an indicator end point.

Since no results for 4-phenyl-1l-butyl p-bromobenzene -
sulfonate have been reported for this solvent, 4-ferrocenyl-
1-butyl and 4-phenyl-l-butyl p-bromobrosylates were sol-
volyzed simaltaneously to 50% completion. The results are
given in Tadble III. No rate enhancement was observed for
the ferrocene derivative which, in fact, hydrolyzed some-

what slower than the phenyl derivative.
TABLE III

Hydrolysis of 4-Arylbutyl Broasylates in
80% Acetone at 50°

Aryl group Conc., M % Completion k x 106, sec”!
ferrocenyl 0.00527 50 2,49
phenyl 0.01137 61 3.15

3. DISCUSSION

3.1 Energetics of Electrophilic Metallocenyl Substitution

A simple molecular orbital calculation suggests an
explanation for the high rea&ctivity of metallocenes. The
unperturbed ringe are approximated by cyclopentadienyl
radicals and the ring in the transition state for substitu-
tion is approximated by & cis-butadiene cation. The 7T-
electron ensrgy in the unperturbed ring is 5.854 B while
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the corresponding energy of the substituted ring is
3.854 B, There 18 a loss in total 7T -electron energy on
going from the ground state to transition state of 28;

however, there 18 no loss of delocalization energy! The

corresponding change for bhenzene involves a loss of total
TT-electron energy 2.548 and a lose of delocalization energy
of 0.54B, This comparison may help explain the extreme
reactivity of metallocenes,

Certain expectations derived from first principles
regarding possible intermediates and mechanisms of metallo-
cenyl electrophilic substitution may be discussed although
the lack of adequate evidence does not permit any but a
tentative choice of mechanism at this time.

An attacking electrophile eventually bonds to one of
the carbon atoms of the carbocyclic rings displacing &
hydrogen, Such an attecking species might be considered
to approach the aromatic system from either side of the
plane of the ring undergoing substitution. At large
carbon-electrophile (C-E) distances Coulombic interaction
is the predominant bonding force. No specific point of
attack 1s discernible, and the relative energies of the
different metallocene-electrophile systems as a function
of the central metal atom of the metallocene is solely
dependent upon differing polarizabilities. However, at
short C-E distances covalent forces, lLondon forces, and
steric repulsions becoeme important. Furthermore, specific
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sites of bonding are a direct result of the above forces,
and 1nitial bonding may be to one or both rings and/or to
the metal.

Best covalent bonding between the electrophile and a
ring will be achieved when maximum overlap with the ring
TT-orbital occurs., This requires that the attacking elec-
trophile come in with orientations which are reasonably
perpendicular to the rings. Extensive bonding may, of
course, drastically distort the orbital geometry. If the
epaential features of initial attack are preserved in the
intermediate stages of the reaction, two intermediate con-
figurations are possible, which are depicted in figures
2 and 3. In figure 2 the electrophile is opposite to the
ring not undergoing attack (the bottom ring) and in figure
3 it 18 adjacent to this ring.

A bulky electrophile allows the possibilities of steric
irteractions. The structure represented in figure 3 has
the electrophile positioned in the central region of the
metallocene system which region is more subject to steric
restrictions than the more external region occupied by the
electrophile in figure 2. The source of these ateric
restrictions stems from the steric interaction of a bulky
electrophile with the central metal atom and the carbocyclic
ring not undergoing substitution. Any steric hindrance will
be further aggravated 1f erthogonal approach is to be main-
tained since for a given C-E distance the distances between



Figure 3.
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the sterically interacting groups is reduced as the angle
between the C-E bond and the axial direction approaches 0°.
Conversely, steric interacticns may be relieved by a bending
away of the C-E bond from the axial direction of the metal-
locene system,

In contrast to the above ideas concerning a bulky
electrophile, for small and unencumbered electrophiles the
structure represented by figure 3 may be the more energeti-
cally favored since an especially stable intermediate may
be formed if the electrophile bridges the two rings as
shown in figure 4. Bonding of the electrophile occurs with
both the metal-ring bonding orbitals and, as depicted by
the arrow in figure 4, may also involve the electrons of
the equatorial metal orbitals, hag and di? (51). Not only
are bonding opportunities good but the charge of the elec-~
trophile becomes diatributed over much of the aromatic
system, thus further reducing the energy.

One may perform a simple geometric calculation corres-
ponding to the situation in figure 4., From different
values assumed for the angle between the carbon-electrophile
bond and the axial direction, ©, and a knowledge of the
metal-ring distance and ring size, the C-E distance for a
symmetrical positioning of the electrophile in the equa-
torial plane may be calculated. PFigure 5 shows the geomet-
rical relationship between the variables. Also, the metal-
electrophile distance, M-E, may be obtained, Table IV lists
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Figure 4,
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TABLE IV

Electrophile Bond Distances

0 o (4] o]
OM, A e® CE,A ME, A
1.69 0 1.69 1.22

5 1.70 1.37
10 1.72 1.52
15 1.75 1.67
20 1.80 1.84
30 1.95 2.20

1.84 o] 1,3& 1.32

5 1.85 1.
10 1.87 1.54
15 1.90 1.71
20 1.96 1.28
30 2,12 2,

results of this calculation for ferrocene and ruthenocene,
since for these metallocenes the perpendicular distance
between the center of the metal and a ring has been deter-
mined from x-ray diffraction studies on crystals as 1.692
for ferrocene (62,63), 1.8&: for ruthenocene (62), and 1.852
for osmocene (64), The distance from the center of the ring
to a ring carbon has been taken equal to 1.222 (calculated
from the known 3-C distance for the cyclopentadienyl rings).
The value of 6 which corresponds to a carbon tetrahedral
vond angle is 19928, and for this angle for the case of
ferrocene (OM = 1.692) the CE distance is comparable to the
ME distance, nemely 1.80% as compared to 1.8&3. The MC
distance 1is 2.05: from the i-ray crystallographic data (62).
It is significant that the ME distance for a tetrehedral
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angle for ferrocene compares favorably with the PFe-C
distance of 1.8&2 for iron pentacarbonyl. One concludes
that geometrical factorsallow good bonding between the
ferrocene system and the electrophile since bond angles
and bond distances appear favorable.

In ruthenocene and osmocene the situation is less
clear. The MC distances are 2.212 (62) and 2.222, respec-
tively. Data on the metal-carbonyl distances in carbonyl
derivatives is not availleble for comparison. However, for
any value of © the CE distance must be considerably longer
than in ferrocene which means that carbon-electrophile bond-
ing is weaker for equatorial bonding of the electrophile to
the metal, Skewed configurations would sllow the bonding
of the electrophile to one ring and the metal, but bonding
to the opposite ring would be correspondingly reduced.

There have been some results which suggest the pos-
81bi1lity of an intermedliate with the electrophile bonded
to the central metal besides the solvolysis data mentloned
in the Introduction. Ferrocene appears to protonate at
the metal as evidenced by nuclear magnetc resonance studies
(50,66). Also, dicyelepentadienylrhenium hydride is lmown
in which the hydride hydrogen 1is bonded to the central
rhenium atom (67,68). This hydride may be protonated
forming a stable ion whose salts are isolable, The addi-
tional hydrogen is algo attached to the central metal
(67,68). The solvolysis of the tosylate of B-hydroxy-1,1'-
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trimethyleneferrocene, an ester which has the reactive
center favorably situated for metal participation, was
notably faster than cyclopentyl tosylate (49),

If one considere now the electrophile structure, it
18 seen that the acylonium ion has a net electron density
deficit at the acyl carbon p-orbital and may, therefore,
bond with electron rich centers of the metallocene. The
acylonium ion is linear if effects of the aluminum tetra-
chleride lon, which mey be paired with the acylonium ion,
are neglected. Only two groups, the carbonyl oxygen and
an alkyl or aryl group, are bonded to the electrophilic
carbon. On the other hand, a trigonal alkyl carbonium
ion hag three groups, hydrogens and/or alkyl groups,
surrounding 1t and adding to the effective bulk. Ion‘pair
formation in egch case may also increase the effective bulk,
It seems reasonable to expect reactlions of the alkyl carbon-
ium ion to he more susceptible to steric hindrance than
those of the acylonium ion. Alkylation of ferrocene is
well lmown to be more difficult to accomplish than acyla-
tion (12,69,70)., There are no good data to tell whether
t-~butylation is more difficult to effect than ethylation
of ferrocene. However, Russian workers have performed
some yleld studies which do not show any substantial dif-
ferences between n-alkylation and t-alkylation (7).

The dimethylaminomethylene carbonium ion (fig. 6) 1is

algo trigonal, However, aminomethylation of ferrocene is



Flgure 7.
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reasonably facile (38,71). Formylation with N-methylform-
anilide and phosphorous oxychloride oceurs even more readily,
and enly & few hours at a moderately warm temperature are
required for good ylelds of aldehydes ({16,18,33,34,35).

These electrophilic reagents may be less sterically crowded
due to the absence of ien-pairing. Also, the difference
between alkylation and aminomethylation or formylation may
be due to the specific role that the nitrogen may play in
bonding to the central metal while the electrophilic carbon
interacts with the ring carbons (fig. 7).

3.2 Mechenisms of Electrophilic Metallocenyl Substitution

Although the mechanisms of electrophilic substitution
of metallocenes have not as yet been worked out, the mechan-
ism of Friedel-Crafts acetylation is probably similar to
that for benzene. Certain details of the benzene mechanism
of acylation with alumimum trichloride catalyst which con-
cern the nature of the attacking electrophile remain to be
cleared up, but the formlation of figure 8 is representa-
tive and probably the most likely of the mechaniams (72).
Analogous to the benzene mechanism, acetylations of metal-
locenes catalyzed by boron trifluoride may proceed &s in
figure 9. Another posaible mechanism would replace equation
9 with two steps (fig. 19), and would introduce an inter-
medlate such as 18 involved in benzene ring substitutions.

A further mechanistic pessibility should be mentioned,
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namely that the leaving proton bridges the aromatic system
ag8 in figure 11l. 7This latter mechanism involves approsach
of the electrophile from the top; the transition state
would resemble figure 4. If the steps are reversible, any
of these mechanisms could account for the retardation of
acetylation and diacetylation in the presence of acid (73).
If the steady state assumption is made for the inter-
mediate IX (fig. 9), the rate will be given by equation.is.

ar Kok @ i
- & - R’_;?:E; I [CHC + - BFOCCH,] (15)

This result Jjustifies the use of equation 1 for calculating
relative rates. It has been suggested that metallocene is
removed from the acetylation reaction through formation of
a stable, non-acylable complex with the lewls acid catalyst
and a proton source (73) (fig. 12). If such is the case,
the method used for obtaining relative rates is considerably
compromised since different metallocenes may complex to dif-
fering degrees. The results of the present work show that
ferrocene is not as strong 2 base as solvent acetic acid,
but that when an acetic acid solution of ferrocene is made
quite concentrated in beron trifluoride gas a purple colored
complex involving ferrocene is formed., Therefore, the equilib-
rium of equation 16 (fig. 12) is important at sufficiently
high concentrations of boron trifluoride.
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3.3 Relative Reactivities of Ferrocene and Ruthenocene

Ruthenocene is a weaker base than ferrocene and as a
result is not removed from the acetylation reaction by pro-
tonation to the degree that ferrocene is (50,66). If pro-
tonation of ruthenocene in competitive acetylation with
ferrocene does not occur extensively in relation to ferro-
cene, then one must explain otherwise the fact that ferro-
cene is an order of magnitude more reactive. The geometric
result developed in Section 3.1 provides a basis for dis-
cussing this reactivity difference. From Table IV 4t is
seen that the perpendicular distance between the rings in-
creases as the size of the metal increases. As far as
bonding to the rings is concerned, this means that the
electrophile must bridge & greater expanse in the heavier
metallecenes. If a bridged structure is to be maintained
(fig. 4), either the structure will become skewed or bond-
ing to the rings will be weakened although bonding to the
central metal may be able to partially make up for the loss
of bonding energy. The most favorable situation exists for
ferrocene where bonding to both rings and metal may occur
similtaneously with favorable bond angles being formed.

3.4 Alkyl Substituent Effects

Further evidence for the participation of metal or-
bitale in electrophilic metallocenyl substitution might
come from & study of substituent effects on the reaction.

~
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If ring orbitals are not exclusively involved in the release
of electrons to the electrophile, then 2 reduced magnitude
might be expected for a substituent effect. Complicating
factors arise, however., If little charge separation is
accomplished in the transition state then 1little electron
release from ring substituents is required. Effects of
methyl substitution in solvolyses of benzyl derivatives
becomes more pronounced as the solvolyses become more
limiting, and very large factors may be found (Bee the dis-
cussion in ref, 49). The hydrolyses of ferrocenylcarbinyl
acetates is limiting (49). However, the hydrolysis of
methyl (3-methylferrocenyl)carbinyl acetate is faster
than methylferrocenylcarbinyl acetate by a factor of
only three or four (40). It would appear that considerable
metal orbital participation is involved,

It was found that 1,1!'-diethylferrocene is only
slightly more reactive than ferrocene (c-position 1.4
times more rapid, S-position 2.8). Toluene is benzoylated
(75) 110 times more rapidly than benzene with aluminum
trichloride in benzoyl chloride at 25°, Acetylation with
aluminum trichloride at 0° indioates toluene to be 13.3
times more reactive than benzene (76). In ethylene
chloride solution at 25° ethylbenzene is benzoylated about
100 times faster than benzene and is scetylated more
rapidly than benzene by & factor of 130 (77). The partial
rate factor for the para-position in ethylbenzene relative
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to a single position in benzene is 750! It is apparent

that electron release from 2 ring ethyl in ferrocene during
acetylation 1s small when compared to benzene. Thig fact
may be interpreted to support the metal participation hypoth-
8is.

The acetylation of 1,1'-diethylferrocene glves only
twice as much P-substitution as a-substitution, The acetyla-
tion of 1,1'-dimethylferrocene also gives twice as ruch B-
subatitution whereas 1,1'-dlisopropylferrocene gives four
to five times more B-substitution (58). Probably the major
factor operating in this latter case 18 steric hindrance at
the a~-position due to the increased bulk of the isopropyl
group. Simple mwlecular orbital approximations made for
substituent effects in metallocenes indicates that the a-
position should be more reactive than the B-position in
electrophilic substitution (78). However, it has been
found that the f-position is8 more readily substituted
(58,79). This is explained by the operation of steric
hindrance at the a-position due to the alkyl group.

If the low selectivity of 1l,1'-dialkylferrocenes to-
wards acetylation is not due entirely to steric effects,
then the product ratio indicates again the high reactivity
of metalloceneé in accord with Brown's selectivity principle.
The B-poeition in ferrocene may be likened to the para-
position in benzene, and the a-position likened to the
ertho-position in benzene. The acetylation of ethylbenzene
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gives a para/ortho product ratio of 323. Since the CCC
bond angle in ferrocene 1s 72° and in benzene 1s 60°, the
steric effect of an ethyl group should be less in ferrocene
(58). Thus, since the product ratio for 1,1'-dialkyl-
ferrocenes is considerably smaller than for ethylbenzene,

the high reactivity of ferrocene ig evidenced,

3.5 W -Ferrocenylalkanoie Acids

The pK,'s’ of ferrocene carboxylic acid (24,58),
ferrocene-1,1'~dicarboxylic acid (1,24) 1,1'-dimethyl-2-
ferrocenylcearboxylic acid (58), and 1,1'-dimethyl-3-ferro-
cenylearboxylic acid (58) have been determined previously
in solvents much as water, "66%" ethanol, and "66%" di-
methylformamide (1%,24), Since marked molvent dependency
is exhibited by acid strength (8l) and because the above

workers report no accurate physical properties of the
ethanol-water solvents used, comparison of previous results
with the acid strengths of (L ~-ferrocenylalkanoic acids as
determined in this work is oconsiderably hampered. However,
the data eobtained for the (U-ferrocenylalkanoic acids are
internally consistent and revealing (see Table I).

Although weaker acids than the corresponding benzene
derivatives, the (VU -ferrocenylalkancic acids follow the

same order of acid strength as for the benzene series as

'In reference 58 the pK, values reported for "66L"

ethanol have been obtained through an erronecous conversion
from k,. This may also be the case for the "66%" dimethyl-

formamide dsta,
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is shown by a comparison of values in Table I with Table V

for the pK,'s of benzene derivatives in water at 25,0°,
TABRLE V

pK, in Vater at 25,0°

Acid PRy Ref.
CgHCH ,COOH 4.31 82
CgHy (CH, ) ,COOH 4,66 83
CHs (CH,) 5COOH 4,76 83

In contrast to the oft quoted result of Woodward, Rosenblum,
and Whiting (1) that the first dissociation constant of
ferrocenedicarboxylic aecid is nearly identical to that for
benzolc acid, the difference between the strengths of ferro-
cenécarhoxylic acld and benzoic acid obtained in the present
work is quite large. Ferrocenecarboxylic acid has a pK, of
6.6 whereas the pK, of benzoic acid is 6.1 (see Table I)
corresponding to a difference in energy of 655 cal/mole. A
similar difference was also found between ferrocenylacetic
acid and phenylacetic. The ferrocene derived acids may be
stabllized relative to the phenyl derivatives by metal in-
teraction with the carboxyl group. Electron release to the
carbexyl carbon or hydrogen bonding of the hydroxyl to the
metal are both possible sources of stabilization. On the
other hand, the difference might be taken to mean that the
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carbocyclie ringo of ferrocene are negatively charged which
would result in an energy of repulsion in the carboxylate
anion, “dince the difference in ground state energies of
ferrocenecarboxylic seid and benzoic acid canmot be acw
curately assessed; a calculation of the amounts of charge

separation iz not poesible,

3.6 Solvelvsls of WePerrocenyl-lealkyl irvlsulfonates

The results of the solvolysis of W «ferrocenyle-l~
alkyl arylsulfonates will be examined in the following
sections in terns of the possibility of the ocourrence of
ferrocenyl participation in the solvolysis reaction, Comw
narisons between Lferrocenyl participation and phenyl and
substituted phenyl participatiom will be made, The latter
two forme of aryl varticipation have been well studied by
Yinstein and coworkers (44, bé; 59; 84) and will be reviowed
in the following section prior to a comparicon with ferrocenyl

syctens,

3,661 Phanyl P g

Heok and Winstein {59) have used the following as
evidence for aryl participation in seolvolysie of arvlalkyl
arylsulfonates: 1) rate enhancenent of Leorylelebutyl esters
relative to systens in which ring sise eifects prevent

participation, such as Jearylelepropyl and Searylelepentyl
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estersy ii) formation of tetralin derivatives among the
products; 1ii) rate enhancement due to methoxyl substitution
on the phenyl groups; iv) reduced entropies of activation
relative to solvolyses of nealkyl esvers where participation

gannot occur,

3.5.1.,1 ZHate as a Punction of Alkvl Side-Chain in Phenyl
Sxsteas

The solvolysis rates of certain wwarvl=lealkyl

arylsulfonate eaters vary with the length of the alkyl
chaln in a way which may be explained in terms of neighe
boring group participation {(59)., Teble VI shows the rela=
tive rates of some W ~phenylel-alkyl arylsulfonates, Exeept
for the formolysig of 2ephéenylelwethyl arylsulfonates, no
rate increases for the phenyl derivative relstive to the
n-alkyl arylsulfonates are in evidence, Table VII gontaine
data for a serles of W={2,4,dimethoxyphenyl)elealkylape
bronmol:enzenesulfonates, Here significant rate increases
are evident for all chain lengths below five carbons,
and an especially large relative rate iz found for the
formolyesis of 2=(2,4~dimethoxyphenyl)=leethyl pebromobenszene-
sulfonate (84), Jimilar results, althoush less pronounced,
are observed in the anisyl systems {Table VIII),

The solvolysis rate differences botween Wearylelealkyl
gystems of varyingz alkyl chain len:th nay “e due to i}



R

a decreasing inductive effect ol the aryl group as the
side ehain lenith increases and the arvl sroup is prow
gressively removed from the reaction center, ii) differing
solvation energles as the arvl group is removed from the
vicinity of the reaction center, and 11i) participation
of the aryl group in the ionization proce=zs, The phenyl
group has an electron withdrawing inductive effect relaw
tive to hydrogen; and to the extent that the inductive
effect iz important, the lonization rate will inerease
as the phenyl zroup is removed from the ionizing center,
The steric effect of the phenyl group is to hinder
solvation of the reaction center. This steric sffect dice
tates that removal of the phenvl group f{rom the reaction
site with increacsing cohain lensth will increase the sole
volysic rate, Both the inductive and steric factors sre
expested to become unimportant for chaln lensths of three
or rwre carbons, At least for certsin chain lenthe in
sore solvents, phenyl participation does influence the
selvolysias rate, The alkyl chain lenth is critiecal since

ring size must be proper to allow participation,

2=Phenylelecthyl petoluenesulfonate solvolyges at
approximately one-third the rate of athyl petoluencsulfonate
in acetic acid at 759 (Table Vi). This rate comparison

sugrests that the inductive and steric eoffects of the phenyl
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TABLE VI

sxelative Rates of Solvelygis of GJ -’henyl-lealkyl

p~Toluenesulfonstes and p-iromobenzenesulfonaztes at 75°

p~-Toluenesulfonate AeOH HCOUH
ethvl 1l 1
2ephenyleleethyl 0,37 240

p=ironobenzencsulionate

n=butyl 1 1
n=propyl 1.} -
2e=nhenylel=othyl . 0.57 2.7
Jephenylel-propyl 0,72 0,55
Lephenylei-butyl 0,08 0,906

Sephenylelepentyl 1.0 0,95
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TABLE VII

Relative Rates of Solvolysis of ¢ «{2,4=)imethoxyphenyl) -
le-alkyl pelromobenzenesulfonates at 750 (59)

Q-Bromobensene sulfonate f..".% HCOOH
n~butyl 1 1

2m{ 2, h=dimethoxyphenyl) wleethyl 423 1900
3={2,4=dimethoxyphonyl}elepropyl 267 -

L=~{ 2, h=dimethoxyphenyl)=lebutyl Le2 35

5wl 2, i~=dimethoxyphenyl)wlepontyl l.1 1.0



TABLE VIII

dJelative Rates of Acetolysis of ew-(4-methoxyphenyl)=
l-alkyl peBromobenzenesulfonates at 750 (59)

p=Bromobenzenesulfonate iel, Rate
n-butyl 1

2« (L=methoxyphenyl)eleaethylx 53

3={ t=methoxyphenyl)«~lepropyl 0.77
L={L=~methoxyphenyl)elebutyl 1.3

# See references 46, 59, and 85,
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group are determining influences on the acetolysls rate,

In formie acid; however, the rate sequence 1s raversed,

Here the 2«phenyleleethyl petoluenesulfonate solvolyzes
twice as fast as the unsubstituted ethyl p-toluenesulfonats,
a result which suggests that neighboring group participation
is important, Other evidence such as the formation of ree
arranged products and the magnitude of A&S* {both criteria
are discussed in the following sections) support the hypothe-
sis of phenyl group participation in the formolyais of
2ephenyleleethyl sulfonate esters,

Both the acetolysis and formolvsis of 2«(2,hedimethoxy-
phenyl)=leethyl pebromobenzenesulfonate exhibit marked rate
increases over the rates of pebutyl and the corresponding
Se-arylelepentvl esterss. Aryl participation is quite evident
in this 2earylethyl derivative (34),

The relative rates for the acetolysis and formolysis
of the other & ~phenylslealkyl sulfonates do not indiecate
that phenyl participation is oeccurring. For the 2,4-
dimethoxyphenyl series, on the other hand, aryl group
participation accounts for the increacse in solvolysis rate
of 4=(2,4 dimethoxyphenyl)elebutyl p-bromobenzencsulfonate
over the pebutyl and 5earylelepentvl esters (59)., The
participation o' an grtho methoxyl group in 3-(2,he-dimethoxy~

phenyl)=lapropyl pebromobenzenesulfonate accounts for the
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rate increaso observed for this derivative (59).

The rate sequence gealkylsarylnentyl<arylbutyl<arylethyl
(for aryl s substituted phenyl) is indicative of aryl zroup
participation in the ethyl and butyvl compounds, The above
poquence is determined primarily by ring size effects (59,
85, 87)e TFor certain favorzble cide-chain len;ths, oryl
participation way occur with a minimum of internal strain
and unfavorable steric intersctions, The rate effect isg
zenerally larger for the Zearvlelecthyl system than Tor the

Learviel=butyl system,

3.6.1¢2 Product Composition in Phenvl Svstems
The nature of products produced freom solvolysis

reactions often provides further supnort for the occurrence
of neighboring group particivation, 7he presence in the
product mixture of rearranged products {aler of rearran-ed
gtartin: materiale) is the suprnortive evidenee generslly
gsouht. Evidence of this kind is never sufficient in itszelfl,
for if neighboring proup participation is defined as a rate
enhancenont duye to the involvement of the neishborin: group
in the reaction, rearrangement may occur with or without
rate enhancement, i.e. after the rate determining sten,

If, however, rate enhancement and mizration of a likely
neighboring group are concurrent, neizaboring group particie

pation is @ lilkely exvlenation of the experimental results,
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Migration of the phenyl sroup in the 2ephenyleleethyl
svsten occurs to the extent of 1095 in acetolysis and about
455 in formolysis as is evidenced by labeling experiments
(88; 89). Thaese results are in agreenent with the hypothesis
of predominant neishboring ohenyl participation i&n formolysis
of 2=-pheonyl-lecthyl petoluenesulfconate {46),

iry) porticivation irn the Lenrylelebutyl system {59,
86) {irye5 and Arpe6 partieipstion) might be expected to
load to tetralin derivatives amon:; the products. Indeed,
guch is the case as 1s summarized in Table IX,

The extent to which tetralin formation parallels
purticipation may be examirned {59) since it is likely that
solvolysis proceeding with irj-5 participation always pro-
duces tetralin, The tetralin obtained {rom the solvolyvsis
of L-phenylelebutyl pebromotenzenesulfonate was assumed to
be formed {rom that part of the solvolysis which nroceeds
by way of arvl participation, and the anechinerically un-
asgisted solvolyois (solvent participation) was assumed
not to produce tetralinm (59). «ith these assumptions and
a knovled: e of the overall rate constant snd the nroduct
dictribuiion, it was possible to dissect the overall r=zte
constant into the rate constant for anchirmerically assisted
solvolysis and the rate constant for anchimoricolly une
agsisted solvolyeis, If the foresoin: assumntion that

tetralin nroducts sre produced exclusively by aryl »ortici-
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TABLE IX

Tetralins from Formolysis at 750 ({59, 86)

griromebenzenesulfonate % Tetralin in Product
Lwphenylelebutyl 19
Lie{ fwmethoxyphonyl) elebutyl 54
be{ 2, b=dimethoxyphonyl)=lebutyl 91

4w(3,5=dinethoxyphenyl)wlebutyl g8
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pation is made, and the additional assumption that methoxyl
substitution affects only assisted covolysic is made, then
uge of the rate constant for anchimerically unassisted
solvolysis {obtained as described above for 4~phenyl-l-butyl
p-bromovenzenesulfonste) ensbled the authors to calculate
the amounts of tetralin products formed in the solvolvses
of hellf=methoxyphenyl)=lwbutyl and he{2,i~dinethoxyvhenyl)e
l-butyl pebromobenszenegulfonates (59}, The ecalculated and
observed product distribution were in verv good a reencnt
(within experimental error}. In the phenyl systens, than;
if onc allows the assumptions mede, Ary~5 participation

leads exclusively to tetralin oroducts,

3.30143 Effect of Methoxyl Substitution on Rate and Froduct

Methoxyl substitution of the benzene ring of the 2=

phenylel-gthvl system and the 4L-phenylelebutyl systenm leads
to increascs in the anchimerically assisted sovolveis

rates although the effect is less pronounced in the latter
system (59)e 2Rate increases duot o methoxrl substitution
are nrobably due to the activating efect of 2 methoxvl
group upon the benzene aromatic grystem. Other activating
substituents or active aromntic gvstens are exnected to

siiow sinilor enhancoments of anchimerically sssisted rates,
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3.6.1,4 Entropy of Activation as sp Indication of Partieipa-
Lieon

The entropy of activation of a solvolyeis reaction

may be used as a eriterion for partieipation (59, 44). ¥For
en unassisted solvolvsis (solvent participation alome)4A$¢
is generally 18 ¢ 2 entropy units, whereas for an assisted
solvolysis AS¥ vends to be lowered to 7 4 2 ontropy units,
Thua;‘AS*'for the acetolysis of 2wphenyl-l-.ethyl petolueng=
sulfonate and for ethyl petoluenesulfonate is about 17
entropy units, In formic acid As¥ for the ethyl ester
does not change appreciably, but As¥ for the 2wphepyl.
leethyl ester i:c reduced to 9.5 entrovy units, The effect
i3 not as great in the Lfearvisl-butyl gystem, Acetolysis
of hwphenylelebutyl p-bromobenzenesulfonate hacs 133*. of
1648 entropy units, the anisyl derivstive only drops to

15 entropy units; and the 2,4i-dimethoxyphenyl derivative

to 10,7 entropy wnits (59),

3+001.5 Lffect of solvent

It 1s apparent from what hags gone bafore that aryl
participation is strongly solvent dependent, Formolysis
results in relatively more participation than does acetolyw
sis (59}, This is roflected in all of the eriteria dise

cussed in the proceding sections,
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The results of Dartlett and Dank {90) illustrate the
importance of the choice of solvent, Doth Zecyclopentyl-
l-ethyl and 2e{A 3-cyclopentenyl)«leethyl petoluenesulfonztes
woere solvolyszsed in solvents of similar ionizing power but
dif'fering nucleophilicities, The ratio of the rate of
2»(4&3-cyclopentenyl)»l~ethy1 p~toluenesulfonate to that of
2=tycleopentyleleothyl petoluenesulfonate wac taken as an
approximate measure of rate onhancement due to particinetion
of the double bond., 7This ratio incrcased by a {actor of
more than 300 upon zoinz from the most nucleophilliec solvent
{50% ethanol) to the least nucleophilic solvent {98 formie
acidj, This change was nrimarily due to a decrease in sol-
vent participation as the nucleophilieity of the solvent

was decreased,

3¢001e® lature of the Transition state for Phenyl FParticipa-

Lion
All of the present evidence supports the hypothesis

of ungymmetrical bridging by the participating arvl roup,
«hen rin; size and electronie factor:s permit particlpation,
the bond betwesn the arvl sroun snd the ionizing center
is only partially formed in the transition state ond is
stretched relative to the normal C-0 bond distance,

For the 2earyl-leethyl svstern, the evidence for weal
arvyl group bonding consiste of the fact that no A?-deuterium

icotope eflect is observed for the solvolysis of Zephenvle
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l-othyl, 2- (;p;-met}‘iomrphenyl}-l-»ei:l*x;\fl,_ and 2,2=diphenylwele
ethyl p-toluenesulfonates (88, 91}); this indicates that
bond changes do not become communicatod to the A wcarbon-
hydreogen bonds in the transition state. Furthermors, the
rate differences observed betweon the dicstereomers of the
3-phenyl-2«butyl system and related systems are small (92),
Larger rate differences would be expected 1f a syrmetrically
bridged ion 18 formed in the transition state since the
diflerenceg in non bondin: repulsions of the dlastereomers
would be large (methyl selipsing a methyl versus a methvl
eclipsing a hydrogen).

for the Learyvlel-butvl gyctem the rate effects of
methoxyl substitution are small, whieh sunzests that the
involvement of the arvl group is small (5%). Corey and
sauers (87) in a consideration of riny size effects also
comcliude that only weak bonding exists between the earbonium

ion center and the aryl ;roup.

3e0e? Porrocenyl Participation

In the present work, the criteria used in the search
for ferrocenyl participation wore: i) comparison of the
rates of solvolysis in the W =feorrocenyl~l-allyl serios
ii) comparison of solvolysis rates of ferrocenyl with phenvl
systems: 1ii) examination of products of solvolysis. lio
ferrocenyl participation was found in the~3-ferrocwny1~l~

propyl, Leforrocenyl-lebutyl, 2nd S5-ferrocenvli~lepentvl
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systoms in sgetolvsis and hydrolysis, The entropies of
activations were not obtained, sinee & side reaction due to
oxidation is rampant at temperstures above 1009, Below
these temperatures, rates are inconveniently slow,and oxida-
tion becomes serious because of the extended times required,
The solvent system, 0% acetoncewater, although not
conducive to aryl particeipation, was studied briefly eince

oxldation was abaent,

3.0s2sls Zates of Solvolysia

An examination of Table II {paze 14) and Table III
{pace 16) reveals that the rates of acetolysis and hydroly-
sis of the w -ferrocenylalkyl pebromobenzenesulfonstes
studied do not differ significantly from the corresponding
phenyl derivativeo, Jurthermore, only minor rate differ-
ences oxigt between the 3«ferrocenyleleprovyl, Leferrocenyle
l-butyl, snd Seferrocenylele-pentyl sulfonates, The fuct
that the propyl derivetive solvolyszes a little slower than
the other two alkyl derivativees studied mav be attributed
to the inductive and bulk effects of the ferrocenyl group
when removed from the reaction center by only two carbons,
lio rate enhancement is found for the W ~ferrocenyl-lealkyl
derivatives gtudied, It is possible that ferrocenyl partioie
pation would become evident in a solvent gystem other than

the scetic aeid or agueous acctone used in thig work, It
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ie signilicant, however, that in acetic acid no rate en-
nancement for (U «ferrocenyl-l-alkyl derivatives is found
whoreas the solvolysis rate of Leanlsyl-lebutyl pebromoe-
benzengsulfonate in this solvent is measurably enhanced.

Aryl participetion may be thousht of as being an
electrophilic alkylation of an aromatic system, i.e, an
electrophilic aromatic subatitution, Ferrocene has been
shown to be an extromely reactive aromatic svystem tovrards
certain electrovhilic substitutione, In acetylction, Tor
exammle, ferrocene is at least ten times more reactive than
anisole (18), The hish reactivity of ferrocene towards
electrophilie zubastitution sugzests that the ferrocene
nucleus could function as an esrecially effective neizhbore
ing group il other factors such as ring size and sterie
hindrance would permit, The absence of rate enhancement
in the w «ferrocenyl-lealkyl culfonstes studied strongly
su:rests the absence of participation of the tyne that oce
curs in phenyl derived systems, Apparently the aphropriate
ringzs for participation cammot he formed In the wWeferroe
cenylwlwzalkyl derivatives (with the possible exception of
the 2«ferrocenyl-lesthyl system as discussed below),.

Trifan has studled the solvolysis of 2=-Terrocenyle
l-ethyl petoluenesulifonate (45}, The rete is greater for
2=ferrocenyl-lecthyl p-toluenesulfonate than for the core

resgpondin; phenyl derivative by a factor greater than 500,



A comparison of thie rate with that {or the hydrolysis of
h=Terrocenylwlebutyl p=bromohbenzenesulionate (Table III,
page 14) is vossible since the solvent svstens (207 acctonew
water) are probably the same. In the Lesrvlielebutvl systens,
there are no significant rote differences Letween ferrocenyl
and phenyl derivatives,

Thus, it apnears that the ferrocenyl group is abhle to
provide anchimeric assistance Iin the 2«ferrocenylelecthyl
system studied by Trifan but not in the other () -lerrocenyls
l-alkyl systems. In the former case, the bond anile straine
and none-bonding interactions within the ring formed as the
ferrocenyl sroup participates muct not be sufTiciently
gevere to prevent the participation,

The absence of rate enhancenent does not preeilude
poscible participation of the ferrocenvyl sroup in the
reaction at a step subsequent to the rate determining
ionlzation step, Althou~h esuch particinntion would not
be evidenced hy rates, the nroducts Tormed may differ

fron a resction involving only solvent participation,

3.0e2e2  Froducts

Tha products of acetolysic of L-ferrocenylelebutyl
p=bromobenzeneculionate were found to contain no detectable
1,1'=totranethyleneferrocene and 1,2«totranethylencierroceno;
therefore, at most only a {ow per cent could have been pre-

sent, These products would be expceted Trom the loss of a
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proton from, and collapse of, an intoermediate involving the
partiecipation of & ferrocenyl ring carbon, The result
further supnorts the hypothesie that participation of the
phenyl tvpe {(involving a fervocenyl ring carbon in wnayme
metrical brideming) ie absent, If participetion of cne of
the ring carbons were %o resemble phenyl participation,
then hrdrocarbon products would be expected (seo section
Jefele2)s The product study does not oxclude the nossie
bility that ferrocenyl participation involves: %) the
metal followed by subzequent solvent attack and opening to
form an acetate; 1i) aferrocenyl ring carbon followed by

éblvent attack,

3643

It 1s seen from the foregoing discussion that
metallocenyl participation differs {rom phenyl particirationi
for desplte the fact that ferrocene is z highly reactive
arcnatic gystem, no rate enhancement is obaserved for sny but
the Zeferrocenyl-leothyl system (45}. A permissible explana-
tion which agcounts for this result can be derived from the
hypothesis that the resctivity of metallocsnes towards
electrophilic substitution is due to bondinzg of the electroe
phile to the metal (see pages 7 and 24), PFor bdulky electro-
philes, P strain {93) between the zide of the metallocenyl
gystem and the electrophile becomes important. Figure 13

chows this interaction for alkylation,
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An additional f{actor is immortant for metallocenyl
participation, namely ring-size effects which are due to
internal strain for various ring sizes and to different
entrcpiés of formation for the rings. The closure of a
largze ring is less probable than for a smaller ring,

Figure 14 shows the situation for metallocenyl participation,
The rings which would result from metallocenyl participation
for alkyl elde-chain lengths of three carbons and greater
require more free energy for thelr formation than 1is come
pensated for by the increase in delocalization ewnersy due

to the neighboring group participation, Thus, only in the
case of 2eferrocenyl-l-ethyl p-toluenesulfonate wherc such
steric factors do not prohibit ring formation is a rate
enhancement during solvolysis observed,

Althouch the above explanstien is not uniquely demanded
by the results, it is in asccord with the results of this
work and the precedent of other work on metal involvement

in the reactions ol netallocenes,
he EYPIRINLNTAL

&1l melting pointes are renorted uncorrected, Unless
otherwicse stated all infrared spectra were taken in carbon

totrachloride.
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Ruthenocene (28, 94),-=~To magnesium metal (6,08 g.,
0425 o atom) and 100 ml. of anhvdrous reasent grade ether
stirred under nitrogen in a dry 2 liter flask fitted with
an oil sealed stirrer, dropping furnel with nitrogen ine
let and efficient condenser bearing a drying tube was
added slowly a solution of dried freshly distilled ethvl
bromide (20 ml,, 0,27 mole) in 70 ml. of anhydrous ether,
To this stirred mixture was added over ten minutes a solue
tion of freshly c¢racked and distilled monocvelopentadiene
(21 ml., 0425 mole) in 75 ml. of dry reagent grade benzens,
The solvent was distilled until a reflux tenperature of
700 was reached, To the reaction mixture maintained at
reflux was sdded during one hour a2 solution of rutherium IIX
acetylacetonate (10,0 g., 0,025 mole) in 150 ml, of dry
bensere, The reaction mixture was stirred at roflux for
three hours, allowed to stand overmight, hvdrolyzed by the
cautious dropwise addition of 50 ml, of a saturates solution
of ammonium chloride, and then steam distilled., The organiec
products were extracted fram the distillate with ether, The
ethereal solution wes washed once with water and dried over
anlrsdrous magnesium sulfate, The filtored solution was evape
orated and the residus was sublimed under hizb vacuum at
1209, The sublimate was reervetallized twice from carbon
tobrachloride, The mother liquors were chromatozrephed on

250 go 0f alumina encé tho crystalline solids obtained on
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‘evaporation of the benzene eluent were recrystallized Trom
carbon tetrachloride giving a second crop of pure ruthenow
Cene, Mede 197.5=1799, 195 yield based on ruthenium IIX
acetvlacetonate,

Angl. Caleds for CypHjgiur €, 514793 H, 4.35. Found:
Cy 514775 H,y helibe

Lcetylruthenocene by the BF, Method (15, 18, 28, 29),--

T“uthenocene (1.0 g., 0.0043 mole) was dissolved with mechan-
ical stirring in 80 ml. of methylene chloride, the resulte
inz solution cooled in an ice bath to below 50; acetle
anhydride (0,5 ml,, 0,0053 mole) added, and the solution
caturated with boron trifluoride ros for five minutes during
which time the temperature of the solution rose to 150, The
reculting brown solution was stirred in the ice bath for one
hour and at room temperature for threc hours, cooled in on
ice bath and then hvdrolyzed by the addition of 200 ml, of
saturated sodium acetate solution, The lavers were separated,
and the aqueous layer was extracted twice with 10C ml, porw
tions of methylene chloride, All nethylene chlorise gsolue-
tions were combined, washed with satursted sodium bicarbonnte
solution and dried over anhvdrous marnesium sulfate, The
solution was filtered, the solvent distilled on the steam
bath, end the recidue chromaotorraphed on 35 g, of necide

wached alumina with bensene sz eluent, Hvanoration of the
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benrene yvislded vellow needles which were recrystallised

once irom p~heptano to give longz, ¢

oo fine, vollow needles,

0455 Zey MePe 115.5«1179, A second cror of needles (0,07 g,
Mee 112=114°) wae obtained from the mother licuor giving
a total vield of acetvlruthenocene of 527, The infrared
spectrum showed a cerbonyl abuorntion at 15630 em=l, The
ultraviolet spectrum in cyclohexane solution showed two
abuzorntion maxima at 217 mAL and 243 AL with extinection
coefficients of 11,900 and 8,500, respectively; in methanol
solution the maxima were ghifted to 712 ey and 250 A o
Anal. Calcus for CyoHyo0hu: &, 57,513 1, 4441, Found:
Sy 524073 U, 4450

Acebylruthengecene by the Phosphoric ficid Method (14,

19, 20)=-To 3 steam bath heated suspension of ruthenocene
{1.0 Ze, 0.0043 mole) in 5.0 ml. of acetic anhvdride wase
aided 0,5 ml, of 5. phosphoric aecid to give a browvn solution
which was heated for 10 minutes with occasionsl shaling, The
nmixture was cooled to room temprrature, noured onto ice,
neutraliged with sodium ecarbonrte, snd allowed to stand Tor
one hour to ingure complete hydrolyvsic of the ncetic anhve
dride, Then the mixture was extracted with rethvlene
ci:loride until the extracts were nearly colorlesz. The
combined extracts were washaed with water, driod over une

hrdrous magresium sulfote, filtered, and the solvent removed



from the filtrate by distillation on a stesm bath, The
residue was chromatographed on 25 g. of scidewashed alumina,
Jevelopmont and elution with bengene afforded n single sharp
band, ZZwvapnoration of ths benzene and a gingle recrystalliza-
tion of the erystalline residue f{rom geheptane gave long,
thin, cylindrical erystals, 0.95 . {(30%), men. 114,5-116°

{(uncor.}.

Competitive Acetviation of “errocenc and Juthenocene,-=

Fferrocene {0.95 Zo, 0.0050 mole) and ruthenoceno (1,16 g,
0. 050 mole) were dissolved in 75 nl. of methylene chloride
(ilatheson reagent) and cooled in an ice bath to a temnmeridw
ture below 59, JAcetic anhydride (0.51 ml., 20,0054 mole) was
added and the seolution was satursted with boron trifluoride
for 5 minutes to give a purple color, The cooled mixture
was stirred for four hours and then hydrolvzed by pouring
into 150 ml, of saturated sodium acetste solution, The
layers were separated and the aqueous layer cxtracted three
times with methylenc chloride, The combined methylene
chloride solutions werc wached twice with saturated sodium
bicarbonate solution, These washings wore yellow colored,
end extraction with methylene chloride did not remove the
color. The methylene chloride solution was dried over
arnhydrous magnesium sulfate, filtered, the filtrate evape

orated to dryness, and the residuec chromatosranhed on about



20 gzo of acide-washed alumina, Two bands were obtained on
development with bensene: a leading vellow band and a
more diffuse orange trailing band. The yvellow band was
eluted with the first 100 ml. of benzenoj this solution

was evaporatod to dryness and the solid reerystallized

once from peheptane to give yellow platelets, 0,551 g.;
m,De 1981999, The mother liquor contained & vellow
erystalline material, 0,319 g., m.p. 189-1930, and which
when rechromatographed on alumina with hexane eluent gave
only one yellow band, m.ps 192-1990, nixed m.p., with ferro-
cene 159-10640, total yield of ruthenocene, 34%, The orange
band was eluted with 200 ml, of 10% ether - 90% benzene,
Lvaporation of the solvent gave orange needlesn, 0,917 z.,
20,55 yield, m.p. 81-840, Recrystallization from pehentane
gave clusters of orange needles, m,p., 84-85°, The nother
liquor was evaporated to dryness, and the ultraviolet
spectrum of the residus in eyclohexane had maxirma at 221 BAL
and 2067 mue 2 barely visidble orange band, probably a trace

quantity of diacetvlferrocene, remained on the column,

1) 'Diethvlferrocens {95) o=~lithium aluminum hydride

{3e8 Cuy 0ol0 mole) was etirred with 100 ml, of anhydrous
reagent grade ether, a solution of anhvdrous, powdered
aluminum trichloride (13.3 g., 0.10 mole) in 100 ml, of
ether was addod with stirring, follewed Ly the dropwise
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addition during one hour of l,lt'ediacetylferrocene (10,0 g.,
D.037 mole) dissolved in 250 ml. of dry tetrahydrofuran

so that gentle reflux was maintained. “The wnixture was
stirred for an sdditional 1,5 hours, and then hyvdrolyszed

by the cautious addition of 10 ml. of water followed by

200 ml, of 0% hydrochloric acid, The layers were sepa=
rated, the organic layer weshed with water and saturated
sodium bicarbonate solution, dried over anhydrous magnesium
sullete, filtered and the ether distilled, The residue was
dissolved in 50 ml, of p-heptane snd chromatographed on

10C e of acidewashed alumina, UJevelonmment with p«heptane
produced 2 single large vand and = very amall trace of a
slower nmoving band. DJistillation of the heptane eluent
left a liquid resicue (2,0 g., 995 yield) n§0 1.5788
identified as 1l,1'=diethylferrocenc by ite infrared specw

LXMW,

competitive Acetviation of Ferrocene anc l,1%'=ile
ethylferroeene.-=reshly chromatogranhed 1,l'-diethyle=

ferrocens (1,209 ., 0.,00499 mole) and recrystallized
ferrocene (0,930 g.; 0.0050 nole) weare dissolved in 75 ml.
of methylene chloride {distilled from calciwa hydride) and
acetic anhydride {Baker reajent) (0,525 g., 0.00515 mole),
The solution was cooled in an ice bath to below 15° and
was then saturated with boron trifluoride for four minutes,

during which time the temperature remained below 159 and a



purple color was formed, The reaction mixture was stirred
in the ice bath for four hours at a temperature of 2«50,
then the cold mixture was poured with stirring into 150 ml,
of satursted sodium acetste solution, The aqueous layer
was extracted with feur 50 ml, portions of methylene chloride,
the methylene chloride solutione combined and washed with
water, then with caturated sodium bicarbonate solution, and
inally with water., The solution was dried over anhydrous
masnesium sulfate, filtered and the filtrate evaporated to
dryness under reduced pressure, e residue wasg dissolved
in g-hexane and chromatographed on 120 5, of acid-washed
alumina to gilve three bands, 7The first band was eluted
with 150 ml, of p~hexane and zave a velloweornn: g solid
on evanoration of the solvent, G.8°1 gz, The second hand
wac eluted with 2% acetone - 987 nehexane, FEvaporation
of the solvent gave an orance liquid, 1,778 ., 50 yield,
The third band followed the second immediately, and dise
tillation of the solvent left orange needles {0,434 g.,
38, yield) whose infrared spectrum was identical with that
of ncetyli'errocene, The second band was rechromatographed
on 150 g. of necidewashed alumina packed in benzeney develop=
ment with benzene produced two banda, The firet band was
eluted with 500 ml. of bongene. Jictillation of the solvent
left on orange liguid {0,277 g.) having ultraviolet maxima

at 227 muand 270 gft(2~acetyl~1,l'—diethylferrecene). The
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second band sluted with an additional 500 ml, of bLenzene
gave a dark orance liquid (0,442 go) with ultraviolet maxima

at 233 muand 276 Q}L(3~acety1~l,l’ndiethylferrocena).

Attempted T : £ Feryegene in Acetic Aeid

Jolvent.-=It wes not possible to obtain a titration eurve
for ferrocene in acetic acld containing 1% of neetie ane
hydride when titrated with toluenesulfonic acid in anhydrous

acetic acid,

B) swwierrocenecarboxy=

li¢ acid was prepered and recrystallizsed from an isopronyl
ether-heptane solvent giving orange-brown needles, sof'toned

2100 ’ deeom?n 2250c

Ferrocenylacetic Acld.~eFerrocenylacetic acid was
prepared by the Willgerodt procedure (15, 95) mepe 153«1530,

i=ferrocenyiproplonic Aeid.--3-Forrocenylpropionic acid
was prepared by the method of Pauson and Osgerby (38) and

recrystalliged from di-isopropyl ether, m.p. 117«1149,
- Apal. Caled, for Cy3Hy,Onfe: C, 60.49% H, 5.46¢ Fa,
21.64s Found: ©, 60,163 H, 5.71; Pe, 2L.34.

mic Apide==3=Ferroconoylpropionic

wZgyneg

acid was prepared by the method of Rinehart, gt sle. (96)

and was purified by sublimstion at 125«1500 under vacuum



0670

to give large, dark oran:e prisms, mep. 172,5«1759 with

decomp,.

L-Ferrogenylbutyric Acid (95).-=-3«Ferrocenoylpronionic
acid (2,0 gap, 0,007 mole) was refluxed with 40 g. of Taney
liickel catalyst in 250 ml, of 955 ethanol for two hours,
The cooled volution was filtered and othanol distilled,
he residue was taken up in 750 ml, of glacial acetic acid
and hydrogenated over l.4 z. oF platinum dioxide catalvat
at four atmospheres of hydrogzen Tor six dayse The filtered
solution was distilled under reduced pressure to give a
solid residue which was extracted remsatedly wit! tetra-
hvdrofuran and ethor, The combined extracts were extracted
with saturated sodium biecarbonate solution. The basie
aqueous cxbtracts were filtered, and the filtrate was acidi-
fied with hydrochlorie acid and extracted with ether, The
ether extract wns washed with water, dried, Ziltered, and
the Tiltrate ovaporated to near dryness to sive orange
erystals, tep. 115-1259 (reported for ferrocenvibutyrie
acid, 115-1169), The intrared spectrun had & single strong
carboryl absorption at 1710 cm‘l. Further purification

save a light vyellow erystalline solid, me.p. 113-1200,

pKy HMeasurcuente

aes Lthanpleiater Solvent.--leazent srade $5% ethanol

was distilled through a 20 om. fractionating column nacked
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with “helipak,” baepe 77.00/742 mm, Hge, The distilled
glcohol was diluted with oneehal! volume of bolled Furitas
distilled water to ive an ethanolewzter solvent of density
0.8915 & 0,001 at 25,0° corres»ponding to 57 wt, & ethanol,
The solvent was stored in a botile nrotected from atnose

pheric carbon dioxide.

be wuwodium Hydroxide,--sodiun hvdrexide pellets (0.4
wore dissolved in 1 1. of the ethansliewater solvent to 3ive

an ap roximately 0.1l solution,

Ce Tltrationg.w-s woizhed quantits »7 carboxvlic seid
dissolved in annroximstely 50 nl, o7 ethanol-water
colvent by stirring., Jry carbon dioxiide free nitrozen was
bubiblod throu:h: the solution throushout & titration, The

p¥ was followed with a Lseds ond lerthro» pil meter and
standard lass and calomel electrodes, The pf, for a ‘iven
acid was identified with the pll at the end noint of a
titration, Table I lists the result: Toi Lhe various aclds

\rt -:§ 0

W= "errocenyl-l=alkyl peDromobenzenesulfonates.

-

Jeorrocenvivronanolel {(35) jwelo 10,2 5. {0,039 mole) of

a3

3«{errocenyipropionic acid dissolved by stirrin: in 65 ml,
of drv tetrahydrofuran war added drovwise o gsuspension of
2.0 e {045 mole) 2 lithium aluminum hvdride in 70 ml, of

anhydrous ether, The reasction mixture was stirred ¢t roonm

Tal



‘{)9“

temperature for four hours, then cooled in an ice bath and
15 ml. of ethyl acetate was cautiously added, The mixture
wag poured into water and seidified with dilute hydrochlorie
acid, The layers wero sencrated, the aqueous layer extracted

with ether, the ether solutions combined, washed with water
until neutral, and dried over bariuwr oxide, The mixture
was filtered, the ether distilled, the residue dissolved
in 25 ml, of methylene chloride and chromatograrhed on 300 2,
of acidewashed aluina pached in nentane, tevelopment and
elution was accomplished with etherepentane mixturec, A
single band developed and wes eluted with 6043, 70%, and 80%
ether-pentane, The solvent was distilled leaving an orange
0il, 7455 £+, 80% yleld, The infrared had a hydroxyl band
at 3630 em~i, Another preparation yielded 345 of the aleo-
hol, The pwtoluenesulfonate was prepared by reaction with
p~toluenesulfonyl chloride in pyridine at 00, Chromstosraphy
on alumina and recrystallisation from ethyl acetnte~hexans
7ave orance crystals, mepe 05«069,

Apal. Caleds for Cpglpp0sFes: C, 60.31; H, 5.551 Fe,
14,02, Found: €, 60,503 H, 5.58; o, 13,98

3~?erroconyl-1~pr0py1Agrﬁromobenm@nesulfanate.-,Ta 525

Be (0e0215 mole) of 3J-ferrocenylpropranolel dissolved in 60
nl, of drv pyridine and cooled to below «50 in an ice~salt
bath was added 6,79 g, {0,025 mole) of pebromobensene-

sulfonyl chloride, The mixture was stirred in the icew-salt



bath for one hour, an additional 2,0 -, {0,002 mole) of
sulionyl chloride wase added, and stirring was continued for
three hours more at the end of which time the reaction mixe
ture was poured into 300 ml, of ice cold 2! sulfurie acid,
The oranie-yollow eryvstalline zolid which separated was
collected on a rilter and washed thoroushly with water., The
vield of crude, airedried material was £,55 ge (8595), mev.
291000 from cyclohexane,

Apal. Caleils for IygHygUgliirtes: 2, 49,075 H, 44133

fe, 172,06, Found: ©C, 42,355 H, 4,707 Fe, 11,92,

Methvl 3-Ferrocengylpropionate.=-To 54.0 g, (0,79

mole! of ferrocenc dissolved in 400 ml, of methylene
chloride under an atmosvhere of nitrogen was sdded 40,0 1,
(Ge30 mole) of anhvdrous aluminum trichleride, Stirring
was storted, and a solution of 2044 e (0420 nole) of -~
carbomethoxypropionyl chloride (97) in 100 ml, of methylene
chloride wac added dropwise over a 45 minute neriod and
stirring was continued for an additional houre. The reaction
mizture wag poured with stirring onto an equal volume of ice
and water, the layers were separated, the acueous layer
swbracted twlce with 250 nl, of metbviene chloride, the
cortbined methylene chloride lavers washed with three large
nortions of water and dried over anhrdrous sodium carbonate,
The nixture wos filtered, the Tiltrate concentrated to 150

ml, and chromato-rarvhed on 1200 z, of acidewazhed alumina
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vacked in ligroin (b.p. 30=009), Slution with 5 to 107
acetone-ligroin removed 2 small amount of ferroccene, and

the major dark oranse band was eluted with 25 to 355 acetone=
liroin, dJistillation of the solvent left a dark oran;e oil
weizhing 55,82 =, (905 yield bazed on acld chloridel, On
standing severasl davs the oll ¢rvstallized to form lovize
dari oronce plates and prious, meps 39=47% The infrrred

spectrum had bands at 1633 and 17,4 om=1,

o=l 225 g, of 10 mesh

granulsy gine waz added 300 ml, of water, 15 ml. of conec.
hrrdrochloric acid, and 20 g, of mercurie evloride, [The mixe
ture was stirred for five minutes and the aqueous layer vas
Gecantes, The gnalgamated since was woshed with 300 ml, of
diotilled vater, and & solution of 38,0 -, {0,127 mole) of
methyl 3eforrocenoylpropionate in 350 ml, of methanol wae
added followed by 300 ml. of cone, hvdrochloric aci<, the
mixture was stirred and maintained ot reflux for 22 hours
ater which time the infrared snoctrum of ar aliquot ine
dicated that thoe reduction wuns commlete, The cooled ree
action minture was poured into 1 1. of imter and o utractnd
witii ceveral 300 ml, portlons of etier until the ether eXe
tracts were nearl colorlese. he combined other oxtracts
were washed three times with an oquel volume of vater, dried
over anhyvdrous magnesiwn sulfate nnd filtered, The other

was distilled leaving an oran e liouid, 23,24 7., vield
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71,85, The infrered spectrum had a sinzle carbonyl abe

sorption at 1748 em™l and no hydroxyl band,

LePerrocenvlitutonolel,w=tisthvl L-Tervocenylbutvrate

{33.2 ge, 0,116 mole) dissolved in 10C ml, of anhvdrous
ether was added dropwise Lo a stirred slurry of 3.5 g,
{0,124 mole) of lithium aluminum hvdride in 150 ml, of
anhydrous ether over a period of ninety minutes, The mix-
ture was stirred an additional hour and then wae hydrolyzed
by the cautious, dropwise addition of 10 ml, of water
followed by 200 ml. of 202 hydrochloric acid, The lavers
were separated, the aqueous laver extracted with ether, and
the combined ether solutions washed with water until the

]

washinge tested neutral with Hyirion paner, The sther soluw

L]

[

tion wac dried over magnesium sulfate, filtored, and the

Tiltrato evavorate in vacuo leavire a liguid resicdne (20,722

o)

Sey 983) wiich wars dissolved in 100 ml, o7 methvlene chilori-e
ard cirromatosranhed on 1000 5. of 2c¢id mshed zluming paeked
in lisroin {b.n. 30-500}, to sive a oinle msjor hand whieh
was eluted with 759 ether-lisroin, Jistillotion of the
solvert save an orange oll which oventually crvstollized,
277 ey MePe 47=1i1,50 with previous softenin: at 459, lpe
crystallization from 75. hentancesther gave naterisl witi a
constant melting roint, mep. L7=300, The infrared snectrum
had a hydroxyl band at 3550 em-1,

inale. Caled. fTor CléilspFe: Zy O%.143 1, 7.033 Fe,

e

o

Plebhe  Found: I, 60,045 H, 9.55; Fe, 23,74,
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The acetate vas premared in the usual manner, and
chronatograchy of the product on zlumina gove a sincle
1iht yellow vand, 83% yield, The infrered speetrum showed
a carbonyl band at 1747 em~l, The petoluenesulfonate was
prepared in the usual manner and recrystallized from pentanoe-
eti.yl acetate to give clusters of orangee-vellow prisms,

TleYle LOeTwly7 429,

.

fnal. Caleda for Ooglipg,O3Fel: O, 51,175 H, 5.87;

Feo, 13,54, Found: &, 61,125 I, £.933 e, 13,37,

fe-Ferrocenyl-lebutvl peldromobenzenesulisnate,=-10

1042 24 {0,040 mole) of helerrocenviZutannlel dissolved in
100 ml, of pyridine and stirred in an ice=szlt bath at 0°
was added 10,0 ge (0.0L0 mole} of p=hromobenzenesulfnnyl
chloride in aprroximately ? . portions, The reaction
mixture was stirred for three hours in the cooling bath,
then an additional 3.0 z. of sulfonyl chloride wms c¢idded,

»

and the stirring was cortinued for an additional hell hour,
The rezction mixture was poured into 250 ml, of iceecold 20
sulfuric acid, and then washed with water until the washinoe
were neutral to Hydrien paper. The cruide air-dricd material
{1047 Zay 7h3) was recrvstallized from ethvl acetate cone
taining a few per cent of heptane, m.p. 85-86,50, Te-
crvstallization from eyclohexane ;ave orange crystals with
a2 constant melting noint, m.p, =70,

Anale Caled for CpollpyOziirfer: O, 50,335 H, L.bé;
Jr, 164,753 fe, 11,70. Found: O, 50.79, 51.33; H, 4,51,
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lutaric Anhvdride.~-The procedure for the »reoporation

nf zlutarie anhvidride was as previously described Ior -
methiylglutaric anhvdride {58}, 7The product was distilled

at 121el229/3 rme, 24 Ze, 3% vield, m.p. 53-56°,

n

t=ferrocenoylbutvric icid.--in 805 yield of iL=lerro-

cenovlbutyric acid wao obtained as nreviously deseribed

(96)’ NeDe 135-13‘6l500

Jethyl S=Terroceonylpentangate.--~to a stirred nixture

of 530 g. of szine, H00 ml, of water, and 25 ml, of conc,
hydrochloric zeid was added LO ¢, of merciriec ncotate,
“frer stirring five minutes, the lianid was pipetted fronm
the analramated zince which was then washed with 500 ml, of
water, Leoxt 500 ml, of methanol, 500 ml. of conc. hwirow
chloric acid, and 50 g. (0.157 mole) of Le-Terroccnovle
butvric acid in 50 ml, ot methanol {(plus 50 nl, of nmetharol
to waah in the keto acid) were added with stirsin., The
stirred nmixture wes maintained at reflux for 14 bours at
the end o which time an a2liocuot reowoved “rom the renction
mixture and worked up exhibited no carbonyl abuorption in
the inlrared, so the reduction was julsed conwnlete, The
mixture was eooled to room temperature, decanted Trom the
netal and extracted with methylene chloride in portions

until the extract wazs eolorless, e extract wus washed
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with water until the washinzs were neutral %o indiocator
poaper and was dried over anhydrous magnesium eulfates The
filtered solution was concentrated to about 100 ml, by
distillation under reduced presgure, 70 ml. of pentane was
added, and the gsolution was chromatosranhed on 1000 g. of
acidewoshed slumine (Herck)., UJevelopment with nentane and
ether-pentane gave three bands: a smsll first band which
was eluted with 1075 etherepentane and discarded: one large
intermediate band which was eluted with 2 1, of 155 ethere
pentane and &4 l, of 20% ether=pentane; and a amell third
trailing band, The solvent wag distilled from the solution
containing the second band under reduced opressure leaving

o crystalline solid, 33.4 S, 079, Mepe 35=40°, The infra=-

red spectrum showed £ single cerbonyl at 1743 em=-1,

5-Ferrocenylpentsnol=l.==A solution of 30.0 7, (0,10

nole) of methyl S~ferrocenylpentanoate in 160 ml, of
anhydrous ether was added over a pericd of forty minutes

to a stirred slurry of 3.8 z. (0,10 mole) of lithium aluminum
hydride in 150 ml, of anhydrous ether, The mixture was
gtirred at voonm teomporature for an additionnl forty nminutes,
The excess lithiuvum aluminum hydride was decomposed with a
solution of 10 ml, of ethyl acetste in 23 ml, of ether added
dropwise to the stirred reaction mixture cooled in sm icew
gnlt bath, and then 20 ml, of watcer followed by 20 ml, of

5N hydrochloric acid was added with stirring, The lavers



woere separsted, snd the aqueous laver was extracted with
three 50 ml., portions of other, 4ill ether solutlons were
combined, dried over barium oxide under an stmosphere of
nitrozen in the refrigerator, and {iltered., The solvent wos
distilled from tﬁe filtrate under reduced pressure, 4 brown

liquid, 5=ferrocenylpentanol~l, wac obtained, 20.5 ey Fhoe

S=Ferrocenylel-pentyl peiromobenzenesulionate.--7T0 a

stirred solution of 8.1 g, (0,03 molo) of S-ferrocenyle
ventanolel in &0 ml, of dry pvridine cocled to «50 was
added in portions during five minutes 10.0 . {0,039 mole)
of pebromobenzenesulfonyl chloride. “he cooled mixture was
gtirred one hour, then en additional 5,0 z. (0.07 mole) of
the sulfonyl chloride was added, and the stirring was cone
tinued for threec more hours., At the end of thisg time the
pixture was poured onto ice and 500 ml, of cold 2F sulfurie
acid. The yellow~tan precipitate formed 'ms collected by
suction, washed repeatedly with water, and airedried, 14,7
ey 785, Recrystallisation from hexane containing o little
bengene jave crystals, MaDe 105,105,400, A seecond rocrystal-
lization did not change the meltin: noint., A second crop was
obtained from the mother liquors, m.n, 104,5-105,00, This
maserial tonether with some of the crule nroduct wasg re-
ervetallized from ethyl acetate, men, 109,7=107.09,

Anal, Calcd. for CpHpq03Bried: C, 514353 B, 4723

fe, 11437. Pound: ©, 514573 H, 4,525 Fe, 11.15,



Aeptolysis Progedurg.--3ince oxidation and decomposi-

tion of the Wefarrocenyl-leslkyl derivatives occurs readily
at high temperatures and interferes with kinotiec studies by
conouming acid, it 1is necessary to carry osut solvolyses in

an atnosphere free of exysen and in Jeoxvgencted solvents,

A seeled ampule technique and the use of various antioxidants
were found not to bLe completely effective, Dest results
were obtained when a slow stresm of oxygen-free dry nitroren
saturated with solvent wvapor was bubbled through the solvow
lyzing mixture throughout 2 run with no antioxidesnts present,
Even then, it was difficult to follow a reasction to greater
than 507 completion, Since a meaning®ul infinity titer

could not bhe obtained, it was recessary to use the theoretie
cal infinity titer caleulatod from initial concentrations in
order to determine the rate constants,

Anhydrous acetic acid was propared by heating at reflux
for four hours or overnight :ten volumes of placial acetic
acid (Baker's snalvtical reszent) mixed with one volume of
acetic anhydride followed by {roectionally «distilling the
solvent throush a 90 an. lon; column packed with plase
&ascﬁig rino, The solvent was deoryzenated by bubbling a
gtream of oxygen-Irce dry nitrozen throuzh it for a half
hour bofore making up solionate ester solutions,

A wolghed quantity of Weferrocenyl-lealkyl =ullanate

was dissolved in the solvent, sometimes by warming, and
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the solution was made up to volume in a volumetric {lask
at 259, Oxygen-frec dry nitrogen was bubbled throuzh the
solutlon, and the volumetric {lsusk wan immersed in an oil
bath maintained thermostatically at 103,80, At intervals
of time approximztely 10 ml, aliguots were rcmoved and
the reaction quenched by dellvery of the aliouot into an
srlemaever flack cooled in iece, The solution was brought
to room temperature, and a %,00 ml. aliaquot wags pipetted
into avout 50 ml, of stirred acetic anhydride. “he libe
orated sulfonlc acid wms titrated rotentiometrically with
standard godium acetate in glacial acetie acid which was
about l» in acetic snhvdride, Plotting of the reeuwlts
according to the first order law ~ave zood fite (straight

lires).

Product Apalysic of the Acetolysis of LeFerrocenylelw

butyl peliromobenzenesulfonote,e-: 0.,04165 i nolution of L

ferroconyl-l-butyl pebromovenzenceulfonate in anhvdrous
acetic acid was maintained at 103,49 for one dav. The
renction was stopped by coolin:, then 75 ml, of this colu=
tion was pipetted into 200 nl, of water, and the mixture
wan extracted three times with o0 ml, portions of ether
until the extract wns colorless, Tho combined other oxe

traects were washed with 100 ml, of saturated codiwm chloriie

solution, 100 ml, of 0% sodium carbonate solution, and



100 nl., of water &nd dried over anhvwdrous manesium sulfote,
The mixture was filtered and the ether wie distilled to

~ive a liquid residuc, 0,315 . The residue was dissolved

in a few ml, of methylene chloride to which distilled ligroir
{bepe 30«09} was added dropwise until the solution became
cloudy. The solution was chromntographed on 2?2 z. of acide
washied alumina packed in distilled liyroin to give two bandsz,
“he first small band was eluted with ligroin and contzined
0,018 e of an oil, The infrared and ultraviolet spectra
indicated that this material was probably a hydroecarbon,

The ultraviolet spectrum measured in cveclohexane at o cone
centration of 1349 mg./l. showed only end absorption, In
the visible region there was adsorntion ot 420 mAA o The
second band was eluted with 154 and 205 etbereligroin and
contained 0,192 z. of a liquid residue the inTrared snectrum

of which was identical to thot of Le-lerrocenylel~butvl acetate,

Product inalyeis of the Acetolysis ¢f S-Ferrgcinyl—le

pentyl pebromohensenesulionate.~=5«Ferrocenylelepentyl pe

bromobenzenesulionate {2447 .} was dissolved in 100 ml, of
anhdrous acetic aclde Oxyjen=Irec nitro;en was bubLled
throw:h the reaction mixture maintained st 10409 for 18 hours,
The mixture, concentrated by volatilization ol the solvent
durins the reaction peviod, was poured into 50 ml, of water,

The mixture was extracted seversl times with ether, the ether
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solutions washed with water, dried over onhydrous soiium
carbonate, filtered, and the ether distilled, The residue
was discolved in 15 ml, of methylene chloride and chromatoe
graphed on 80 g, of alumins packed in pan%a;e. lution with
ethesr-pentane mixtures gave 1,20 2., of ascethte estor idenw
tified by its infrared apectrum and 0,21 g. of & more polar
substance, possibly acetvlated lerrocenylpentyl acetate.

Lo hvdrocarbon was found,

Hydrolysis of hseFerrocentyl-l-butyl grﬁromobenzenen
sulfonate in "80%% Agetonemvater,e=4=~"henylelabutyl pe

bromobenzenesulfonate and Leferrocenylel.butyl pebromoe

benzensulfonate were solvolyzed in "30%7 acetonewwnter

at 50,00 & 0450, The solvent was made up at room tempera-
ture (690 F,) from 50,0 ml, of boiled distilled water and
250,0 ml, of Hsker'!s reagent grade acatone, ko oxidation
of the ferrocene derivative was observed., The acid libera-
ted was titrated with sodium hydroxide to a phenolphthalein
end point, Good first order vlots were obtained,



TaBLE X

Rate Data for Typical icetolysis of Se7errocenylel-pentyl

p-Bromobenzenesulfonate at 103,80

Titration ml, base Time, min,
1 0,73 15
2 D84 50
3 1,13 50
& 1,00 135
5 2.08 130
¢ 2.82 2450
7 3477 300
8 Lo 28 360
9 56117 450

In{inity titer, 10,79 ml,
> Completion, 477

Rate constant, 2.39x10~5 see-l,
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1I.

STEREOCHEMISTRY OF HALOGEL ADDITION
TO LmteBUTYLCYCLOHEXENE
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1, INTROQUCTION

Althouzh electrovhilic additions to carbon-carbon
double bonds form a class of lons known and well studied
reactions, certain details of their Intimate stereochemistry
have not been investigated, In particular, it misht have
boer argued on ths basis of simple theoretical considersw
tions {1, 2} that electrophilic addition to a ripgid cvelice
olefin would necessitate the new groups %o be introduced
into axial positions., However, adegquate oxperimentrl
evidence bearins; on this roint wss lacking, and it was
felt that an alternnte more sovhisticated theory was ate
tractive and predicted less rigid results, It was with
the desire to decide between these two alternate theories
that the present study of the halogenation of Letebutyle

cyclohexene wae undertaken,

1.1 Hechanistic Background for ..tereochenical Studies

In order to describe more fully the stereochenical
problem and understand its relation to the reaction mechanism,
mecl:anisme of eolectronhilic addition %o carbonecarbon douhle
Londs will be briefly reviewed, tudies of products and
nroduct sterecchemistry, kinetice, isotonic excheonsie,
colvent eifects on rates and products, and isotopic effeects
have led to the formulation of reasonably comvlete mecha-
nisms of addition. It is convenient to separate additions
into categories dependin- on the nature of the reazent and

the polarity »of the solvent in which the reactlion oecurs,



1,1,1 Selvent Effects

Chanzes in solvent mav demonstrate an influence of
solvent properties upon the outcome and, thercfore, the
mechanism of a rezction.,¥ This influence is usually ate
tributed to solvent polarity, by which is zenerally meant
the combined electrostatic effects of the dielectrie constant
and dipole moments of solvent molecules, the effects of
hydrogzen bonding, more speciiically orisnted wealk colvent
bonding, etc, The noteworthy point is that the mechaniam
of a2 reaction may be altered by a chan-e in solvent (5, 5).
The rate of a reaction may also be chanred since the round
states of reactante and transition states may be affected
differently by solvent chanses, In polar solvents the intere

mediacy of ionlc species and lonic transition states is

1]

likely due to electrostatic stabilization of charge sevira-
tion by solvation, whereac in nonepolar solventa the smallest
neceasary charge separation in the transition stote will
zenerally reduce the free energy of activation, and sinmilarly
a minimum of ionic oharacter will be nossessed by any intere
medintes (7, %). In mixed solvents, the more nolar solvent
molecules mav become bunched sbout sn ionic internediate to
the exclusion from the reaction site of less nolar solvent
molecules, and, indeed, volar reazents in non.polar solvents
sueh as hydrogen chloride in nentane may cluster torether

(7, 85 90

#Gfy refevences 3 and 4 for attempts ot covrelating and
explaining solvent effects on rate.
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Important to this study is the fact thot the mechanise
tic changes, which occur in addition to rate chantes when
the zolvent iz varled, may frequently be reflected in the
stereochemistry and especially the stereoselectivity of &
reaction, Thie 4c partially due to the fact thet in nore
ionizing solvents intermediates mav have half liver long

compared with inversion half lives,

l1.1.2 Addition of Unsymmetrical teazents

The general mechanisms of electronhilic addition of
unsymetrical reagents to earhon-carbon double honds in
the two extrenme solvent caseg will be discussed, 3y une
syrmetrical reasent is meant o resgent sdding different
functional sroups to each side of 2 ziven double bond,
Such reagents mi bt be hydrozern chloride or mter in the

preosence of hvdrogen lon.

1.1.2,1 Addition of Unsvmmetrical Zeazents in Polar dolvents

'he hydration of elefins is an excellent example of
unsymmetrical addition in a polar solvert and has been
particularly well studied, Kinetic studien were performed
early by Lucss and coworkers (10, 11, 12} and more recently
by Siapetta and Xilpatriek (13} and Taf't, Hammett, and co-
workerc {14}, The réaction ie firsteorder in olefin and
Tircte-order in hvdrocen ion,

A mechanism involving lonlc intermedintes is suzrested

for electyrophilic addition in polar solvents (14, 15, 1%}, A
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cimple version of the mechaniem is depicted in ficure 1,
A fast equilibrium may exist between the olefin and the
electrophile to produce phe intermedlizte III gs shosm in
figure 2, This intermediate is a Te~complex in which the
binding between ti:e electrophlle and the J[-bond is generw
ally considered to be weak, The electrophile causzes only
a slight perturbation of the Tebond while the carbon
skeleton remains undisturbed, A distinction iz made between
a Tlecomplex and bridged ions such as IV and V (fiz, 3) (17},
thisz distinction being primarily s difference in strensth
of the bonding of the bridging groun to thg double bond,
Evidence for the Tlecomplex III in electrophilic eddition
ic meager and only suggestive,

Opening of III to give II (equation 4, fig. 2) would
he expected to give predominantly the most stable corboniunm
ion which would lead to the products in accordance with
Markownikofl's rule (18, 13). Rather than forminz open
carbonium ions such as 1I, collapse of I1I or direct electro-
phile attack may produce bridged intermediates such as IV
and V, especially in additione of lealkylethylenes and
1,2«dialkylethylenes vhere bridging may hely reduce the
free enerygy of the earbonium ion (20, "l). The carbonium
jon IV ie symmetrieally bridged whereas in V one of the
carbon-electrovhile bonds is nearly full strength, and cone
fisurational holding is still accomnlished throuzh weak

bonding of the electrophile with the other carbon (22, 23},
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such intermediates are also possible 1f strain in a tertiary
corbonium fon can be relieved by bridging, This could occur

only in addition to speciclly constituted olefing,*

The kinetics of hydrogen chloride addition to icow
butvlene and hydrogen bromide to propylene in heptane are
firsteorder in olefin and indefinite hisheorder in hydrosen
halide (26, 27) as would be expected 1Y the polar addendum

forms a polymer in the nonepolar solvent,

1.1.3 Halopen Addition

The mechanisms discussed in the previous sections
were thouse for unsymmetrical reagente, ‘“hether to expect
the same mechanisme to apply $o halogen addition in various
solvents 1s still an open question since extensive studies
comnparable to, say, olefin hydration are not avsilable,
lowever, one would expect souwe of the digtinctions made
for unsymmetrical addition to hold for the halogens,

In polar golvents such 8s methanol or water {28, 29},
addition of bromine or chlorine is firast-order in halosen
and firsteorder in oleiin {30, 31). In addition to 1,27
dihalides, other products are obtained in nucleophilic
solvents or in the presence of nucleophiles such as halide

jons, This as well as other evidence (32) iLanlies earbonium

*Tor an example, see rclerences 24 and 25,
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ion intermediztess A baasic mechanism similar to that of
fizure 1 will be assumed in this work., The basic mechanism
must be modified in the presence of halide ions since it
has been found that chloride ion may catalyze bromine addi-
tion, and the kinetics are actually firste-order in each of
olefin, bromine, oand chloride ion (33). #ven in solventes
vhich are usually considered polar, comnliecstions may arice.
#or example bromine, iodine, or mixed halogen addition be=
come second-order in halogen in the solvents acetice acid
and nitrobenzene (3@*37). Raising the polarity of the
solvent by addition of water (37), lowering the bromine
concentration {36, 37), or increcsing the temperature results
in a shift to {irsteorder in bromine, To sumarize, it
appears that the electrophile in the case of bromine addie
tion may be a bromine complexed with another bromine or in
the presence of halide lons may be a complex of bromine and
halide ion, The complexing becomes more »ronounced in less
polar solventz. In the case of chlorine such comrlexes are
of less imnortance probably becnuse chlorine is less
polerigable than bromide, However, addition of ehlorine

in carbon tetrachloride may bhe catalyzed bty iodine,

1.2 Stereochemistry of Tlectrophilie Addition

Analogous to tranael,2-eliminations (32, 39, 40) it
has generally been accepted that planar trang-addition is the

usual and preforred course of electrophilic addition to



double bonds {1, 41), at least in non-polsr solvents vhere
stereocsolectivity is least likely to be lost (&),

Although radiecal gis-addition has been found (42«45),
electrophilic gis~addition has not heen oboerved although
workers have been aware of this nossivility (7). In zereral,
the storeochemical outcome of an electrorhilic addition to
an olefin will depend on a number of factors among which the
most important are probably the structure of the olefin, the

electrophile, the nucleophile, and the solvent,

1,2.,1

For additions in nonepolar solvents, at least, the

usual hypothesis is that the entering groups, the electro-
phile and nucleophile, must lie agnti to each other in the
transition state and be as closely pervendicular to the nodal
plane of the originslly unperturbed T ~orbitel as is pose
sible {fig. &), The eimple picture would involve simule
taneous attack bv electrophile and nucleophile from oprosite
sides of the carbon [l~bond plane which is substentisted by
the work of Uzmmond and Levitt (8}, Ffuch a geomstrical
arren ement of groups; i.e. the electronhile, 23, C2, and
nucleophile 211 in a single plane, is supvosed to allow
maxirmum bond formation, i.e. maximum orbital overlap, as
well as provide stabilisation of the tronsition state
through electron delocalization (resonance}. In viow of

this, additions to rigld cyclohaxene ringe in nonepolar
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solvents must give diaxial products (1) since these bonds
conform to the above rastriections (fi:, 5). The mode of
trans-addition which would lead to diequatorial products
musgt involve a non-planar arrangenent of entering groups
ih the transition stete and would accordin: to the above
reaasoning be prohibited (fig, O). Yet, it remains cucsge
tionable as to what extent the above reasoning is valid
and is prohibitive of diequatorial product formation. The
hypothesis ol planar trangeaddition was tested by studies
of addition to L-f=butylcyclohexene, The amount of di-
equatoriel products actually produced hac been meazsured

under varying conditions,

1.2.2 Previous Surzestive iork

Previous work sugcested the possibility that nplanar
trangeaddition is not the only stereochemical course of
addition, Thus, hromination of rigid cyclic ketones is
mown to go through the enol and often gives equatorial
bromides {45, 47, 48)., However, those results can hardly
be considered anything but suggestive since enolization
and ketoniszation of the bromoketone may vproduce an equie
1ibrium mixture of bromoketones, Alt and Barton (L3) have
found that the addition of bromine or ¢hlorine to 2-choles-
tene gives in each case two isomers, 24, 30,-dihalo-
cholestane (VI, fig, 7) and 2¢,3B-iihalocholestzre (VII,

fice 7) in ratioz of 9/1 for bromination ani 7/3 for
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chlorination. The diaxial dibromide VI (243, 3&, 1somer)
did not isomerize to the more stable diequatorial dibrownide
during the workeup, It was not determined whether VI
isomerizes under the reaction conditions to VII, Indeed,
18 this is the case, it is difiicult Lo reconcile that
the isomerization appeors to be more iceile Yor the di-
axial dichloride than for the dibromide with the cenerally
accepted ijea thet carbonechlorine bonds ~re stronger than
carbonebromine honds in displacement resgtions in aliphatie
systeins, Addition of bromine to 3-cholestene in ¢orbon
tetrachloride gave only 3% of the diecouatorisl isomer in the
wixoure of JdilLromides. obtained (49), 4n incomplete study of
the addition of bromine to lLe-te-butyleyclohexene showed that
the reaction arffords nixtures of the two possible eninmeric
trans-dibromicdes in which the diaxisl dibromlde predominsted
{50)s The dibromide isomera were easily interconvertilie,
anci, indeed, all of the above resulis in whieh some di-
ecustorial nroducts wore obioined it be exploined in terms
o7 iromerigation of initislly formed Jiasxial vroducts to

iecuatorisl products since no exporimentnl checks vere made
to eliminate thils possibilitvy. In the present work, the
precence or sbrence of isomerization was examined.

anothier interestins result in connection with the

Tormation of diequrtorial producte 1l the neld catalysed

YT

ovenin  of the epoxide (VIll, fi-, ) to 7ive the trinse
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diols I and £ in 715 and 23%, respectively {51). to gis-
diols were isolated, The acid catalyzed openin-~ of an
enoxide {5 analogous to opening of a Lrideed carbonium ion,
That 235 of the trane~diequatorial diol ic produced is
suestive, lowever, here asuin the nossibility that
isomerization occurs 1s not excluded cven thoush no gige
diols are formed, for neizhboring hvdroxyl particinztion

nay be pulliciently elfective to hold confiruration,

l.2.3 leomerization of trans-l,2-Jihaliides

In connoction with the vossible isomerizstions of
dihalides, 5q,60-dibromocholestane ((I, £iz. 9) 1o known
to lvomerize to 58,0cdibromocoprostane (i1I) in a wide
rance of solvents of differing ionizing power (52}, The
rates increace with increacsing solvent polarity, The
kinetlic and stereochemical resulus mav be explained in
ternes of a bromoniumebromide intimate ionepair Tor the
rearyan eacnts ocenrring in the more ionizin: solventn,
Less charge separation is supposed in less ionizinz sole
vents. he rates of mutarotation were not affected by
hydrocen bromide, catechol, or benzoyl peroxide in chlorow
fori: solution, However, catalyslis of isomerization of Y1
in benzene by carboxylic acirds and vhenols has been ob-
served (53}, The authors have assumed this to mean
general acil catalysis of isomerization. Lo inerease

in isomerization rate is produced by the oddition of
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piperidinium acetate which impliocs the absence of general
base catalysis, The kinetic order with respect to carboxylic
acids is unity whereas with phenols it is closer to two,
“he observation that a mixture of gechlorophenol and phenol
is about six times more effective estnlytically than either
nhenol alone ig reminiscent of the "termolecular” procesces
observed by Swain (54) and others (55).

sate studlies on the isomerisation of some steroidal
&q,qgadibromides were carrled out by Barton and Head (55)
who observed effects on rate duc to polar groupingce remote

from the recction center,

1,244 interference of iadical iddition

The addition to olefins is often complicated by the
occurrence, especially in non~polor solvents, of another
mechanisn in addition to electrophilic addition, namely
free radical addition {57, 5%}, The simultaneous occurrence
of radical addition will complicate any stereochenical
interpretations sinece althouph free radical addition of
hvdrosen bromide tn olefins 1s sgtereosvecifically trans
{59), halogen addition may be gis (42, 43, 60}, Even thoush
radical addition may be stereosrpecifically trens in a
particulser cace, conformational selectivity may not be
required; both disxial and diecquateorizl gfrapsenroducte
mirht bo formed. If radieal addition is concurrent with

electrophilic addition, any diequaterial products Cormed



- 105 -

nay arise through either or both processes., Care must

therefore be taken to eliminate radiecal addition,

le245 hetelutyleyclohexene as a Substrate for
Slectrophilic Addit

The Lefwbutvleyclohexyl syatem is nearly ideal for
the study of electrophilic additions to double bonds, The
products formed from addition to L-tebutyleyclohexene (XIII}
will have preferred oonformations due to the large energy
difference between an axial and an eguatorial g-butyl group
(£1z, 10) (61-64)., The olefin XIII, itself, undoubtedly
has a more favorable conformation due to the "half chair”
conformationa of the cyclohexenyl systom in which the bonds
projecting from the ring retain much of the axial and equaw
torial character of tﬁe eyclobexyl system (f£iz. 11) (65).
in Legebutyleyclohexene if the gebutyl group becomes axial
it is oprosed only by a single quasieaxial hydrocen, and
the eneryy difference botween an axial and equstorial g-butyl
zroup in cyclohexeme is thus smaller than in eyclohexsne,
sven so, the diaxial interaction between the g-butyl group
and hydrozen should greatly favor ilila,

The g-butyl group is sufficiently removed from the
double bond so as not to influence the addition while at
the zame time it holds the olefin in a fixed conformatiom,
A test of the hypothesis that Let-butyl group exdrts no

influence on addition would result from a ceomparison of
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tie products of unsymmetrical addition, The percentages

of clectronhilic attack st the le and Re-nositions should

be the same, It is well established thot alkyl grouns in

the Le and 3-positions in a eyclohexane ring exert no polar
effect on reactions at the leposition (51, 53, 55)., It seems
that any effects of the febutvl group on additions to Aet-
butvleyclohoxene may be aseribed to steric hindrance or
buttressing offects (57)., Effects due to rin; deformatiom

mizht also be operative (568, 59, 45).

2. HRESULT:

hetelutyleyclobexene has been prepared previously from
trans-h=t=butyleyclohexanol via the Chugaev elimination (61),
in this work, it has been prepared cleanly in nearly quantie
tative vicld by pyrolysis of L~t-butyleyclohexyl acetate at
4500, n attempt to prepare the olefin by phosrhorie acid
catalyzed cehydration of the gige and trangeie-t-butyleyclo-
hexanols gave o nixture of olefin isomers,

Particular difficulties were encountered in following
the bromination of 4~t-butyleyelohexene, Infrarcd anslyuis
of the product mixture wae not practical since one igsomer
was present in a relotively small amount, The column
termernture required in order to get the dibromidesc through
5 vapor phase colurm in a reasonsble time was sulflciently
high to caouse isomeriszation and equilibration of tho two

icomers, Several different types of absorbents were tried.



- 107 -

Finally, it was found that the Q~hydrogens ol the dibromides
had differont chenmical shifts so that nuclear maznetic
rgsonance spectra could be used for annlyois, Browmination
in bonzene at 50 gave about 9% of the diesquatorial die
bromide, Heo), 2(e)~dibromo~/{3)-t-butylcyclohexans, The
ratio of isomera did not change measurably over 2 Tew hours,
The rolative anounts ol each isomer were determined from
the areas of pesks of the two kinds of gfehydrozens in the
nuclear nagnetic resonance gpectiii,

The ehlorinetion of Lefebutyleyclohexene (YIT1I) was
followed with nmuch more ease than the bromination since the
products did not isomerisze readilv. The two trancel,le
dichlorides woare distinguicshed on the basis of vapor phnse
cliromatogranhic retention times, boilin - points, squilibroe
tion experinents, and infrared spectra {70}, The assine
ment:. of infrared stretching frequencisg to axial snd equaw
torisl carbon~halozen bonds has been made previously (70},
Table I licts pertinent data for 1,%«-dichloridec, On the
basis of thege assignments, the infrared abuorption bend
cceurrin:g at 740 co~l in the ganectrum of the nmixture of
two dichlorides may be assigned to the equatorial C-Cl bond
and the band at 523 em~l to the axial C-C1 bond {70}, On
heatin: a mixture containin;; 265 of the hish bolliny isomer
{uhe isomer having the lonsest retention time) 8 mixture

containing 165 of this isomer resulted, The infrared band
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occurring at 740 em~l relative to the 683 em=) band was re-
duced in intensity Lv about one-half. That no new comrounds
were formed in the isomerdzation i3 evidenced by the fact
that no new bands appeared in the infrared spectrum and no
new bands were found by vapor phase chromatography. The
rixture of dichlorides probably contains but two nmajor cone
ponents sinece but two well separnted peaks occurred on varor
phase chromntosravchy on a variety of columms {silicone rubher,
earbovax 1500, diisodecylphthalate}. lowever, the presence
of small quantities of other isomers [such as 1,3-dichlorides
and 1,h-dichlorides) connot be ruled out especislly since
some of these iscmers may have polar properties similar to
the 1,%-~diequatorial dichloride and may not be separsted
easily by vapor phase chromatography., aAdditional suprort
for the assigznment of structurses to the dichloride products
cones Irom the behavior of the nmixture umon distillation,
Tho dieouatorial isomer would have the highest bolling
point (71) and tho longest retention time since it has the
larzest dinole moment, It was established that the producte
vere neither vinylic nor allylic chlorides by elementsl
annlysis, infrared spectra, and independent cyatheais of
l-chloro=f4eg-butyloyclohexone and comparison of its reton-
tion time and infrared epoctrum with the chlorination oroduct
mixturea.

Chlorination of XIIY in pentane at 0=60 gave a mixture

of 745 of 1{a),2(a)edichloro=i{e)-t~tutyleyclohexane (XIiV,
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fic. 12) and 26s of 1{e},2{e)=dichloro-i{e)-t=butylevclo=
hexano {iV), Purthermore, the ratio of YIV and IV remained
constant throushout the reaction with a standard deviation

of about 2% for the diequatorial isomer percentage, It wag
slso established that YIV and IV were individually stable
under the reaction conditions, i,c, no isomerisation occurred,
and a mixture originally econtaining 164 of XV was not chanved
by treatment with chlorine in pentane over a period of ahout
two and one-half hours.

Free radical addition was supuressed by the presence of
2,6~di~§pbuty1¢npcrﬁﬁal; althoupgh towards the end of the ree
action period {alter two hours) some of the pentanc solvent
was chlorinated, Later experiments chowed that the rresence
of anthracene would prevent pentene chlorination, All rezce
tions were shielded from 1licht, Some hydropen chloride was
evolved,

Chlorination of i1XIII in benzene ot 70 in the nregzence
of anthracene gave 284 of XV, A small anount of hydropgen
chloride was also evolved, Chlorinstion of IITI in chloroe
benzene at Ow=50 gave 41% of AV, The commosition of the
nroduct mixture did not chance during the forty ninute ree
act.ion period, Again a small quantivy of hydrogen chloride
was evolved indicating some {ree radical substitution hed
occurred, At 15-172 in acetic acid, 70% to 75% of XV was
formed among the dichloride products, Addlitionsnl products,

probably chloroacetates, were also formei, Treatment of a
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mixture of dichlorides containing 325 of ¥V in acetic acid
at room temperature for four hours caused isomerizaotion to

415 of V¥, Table Il summarizeas the chlorination results,

B

TABLE IX

Chlorination of 4=teButyleyclohexene

Selvent Temperature, ©OC z
pentane 70 26
bengene 70 28
chlorobonzene 50 41
acetic acid 15.170 70«75

Jyclohexene, purified vo remove hydroneroxides, was
chlorinated in carbon tetrachloride, No allvliec chlorides
were produced unless the reaction was irradiated with lisht,
In the presence of bensoyl peroxide a small amount o 3
chlorocyclohexene was formed in addition to 1,7«dichloro-
cyclohexane. Larger amounts of allylic chloride werce not
formed in this instance probably because the temperature

wao not favorable for the decomposition of benzovl neroxide,
A

2ol Occurrence of Free Madical Addition

The presgence of free radical haloren addition as

well as electrophilic halogen addition mi:ht compromice
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stercochemical internretations of the mechanism of the
electrophilic halojen addition, Hadiesl addition could be
clearly trans but may not be stereoselective for diaxinl or
diecguatorial dihalide formation. Therefore, it is necessary
to asseps the extent of the occurrence of radlesl addition,

In all of experiments there nrobably occurred sonme
radical addition gince hydrosen hallde was detected, The
hydrogen halide probably results tlroush allylic halogenne
tion of the olefin, Its presence imnlies the nresence of
Jroe radicals which nmisht also add te the olefin, The

mount of hydrogsen halide wac agsescged in several caces,
The anount formed did not constitute a gimificant feraction
of the chlorine or bromine introduced into the reaction
mdxture (possibly a few per cent) thus mating it unlikely
shat much o the reaction went by way of radical addition,
inideed, no 2llylic halides could be detected in the nroduct
mixture.

A further indication of the nresence of radicals oce
curred in the addition to fet-butyleyclohexene in peontane,
Athoush an antioxidant, nanely 2,0-liegebutylel-nethivle
vhenol, was present in the reactlon nixture, chiloropnentones
were formed towards thie end of the chleorine eddition. Alie
auots removed carlier from the addition recction contained
little, i{ any, cehlorinated pentaness o 3egebutyl- or

L-tebutyleycloheoxyl chlorides wera CTound which would be
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expected to form from hydrogen chloride relessed in allylice
chlorination and chlorinstion of pentane under radical
conditions, It seems likely that e¢hlorine atoms are not
formued until excess chlorine is present, the olefin and
inhibitor conzumed in chlorination, and any dissolved oxyren
dispalled., On the other hend, the abeve result may sinply
refiect the inefficiency of pentane compared to olefin or
inhibitor as a radical trap.

Light was careflully excluded from the reaction vessels,
liowever, no attempt was made to exclude atnmospheric oxygen
from the reaction mixture, Under the proper conditions,
oxycen is a strong inhibitor of radical ehlorinstion {72},
in order to supnrese radical addition, an efficient chlorine
radical scavenger was desired. In some of the initial exneri-
nents, 2,5edi-febutylei-methyiphenol waz present which may
be expected to scavenge cehlorine radicels. However, this
expectation may not be eorreet since the pbenol hyvochlorite
nay be formed which might itself zive rise to radicals,
Anthracene wag, therelfore, investigated az a possible
chlorine atom scavenger, Indeed, althoush bengene is une
reactive towuris «I0ly radicale, anthracene retards the
radical addition of bromotrichloramethane to styrene (73)
and mi;ht do the same for chlorine addition,

The efficacy of anthracene for scavenging chlorine
radicals was tested by chlorinating a snlution of anthrae-

cene in 665 benzene « 33% pentane, Thic solvent mixture
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was necessary due to the limited solubility of anthracene

FJ"

in pure pentane, !o chlorinated pentanes vere Tormed, If
the effect of benzene is neglected {73), this result implies
that if the chlorinated pentanes were produced by a radical
procegs, anthracene i1s a good scavener, or, converrely, if
anti:rrocene is a vadical scavenger the chloropentanes formed
in the A~t-butyleyclohexene chlorination were produced by
a radical process,

~n alternste possibility for the formation of ehloro-
rentanes iz that thev are oroduced by an electrophilic
process requiring the particination of olefin in the roe
action, The electrophlle produced by reaction of Cle with
olelin may abstract a hydride from solvent to vield & care-
Lonium ion which in turn would react with nucleonhilice
chloride ions to yield alkyl chlorides (fi:, 13}, \ sinilar
exanple of hydride abotrection catalyzoed by aluminum halides
has._been reported by Bartlett, Condon, and Jehnelder {74).
loviever, this possibility is unlikely in view of the abuence
of 3e or LeLebutylcyclohexyl ehlorides in the product nixe
ture {rom Letetutyleyclohexene chlorination.

severnl additional arpuments mayv be swmoned against
the occurrence of radical addition, Anthracene was used
in the chlorination in benzene vot dieguntorial diehloride
was etill produced, In acetic acid solvent a2 large amount

of this product was also produced, JSinec acetic aci’ 1a
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conciderauly more ionizing than benzene, the electrophilie
addition reaction chould be fovored in acetic acid,
slthoush free radicsl addition of hydrozen bromide to
olefing is stercospecifically irags (53), free rodiecal
addition of eghlorine need not necessarily be so. There
are exaniples of gigeradical addition {42, 50}, Thug, if
chilorine addition to Lwte=butylevclohiexeno does not vield
gigenroducte, give-radical addition has not occurred.

The chlorinastion of Lefsbutylevclohexene appesrs to
be clsanly trang since but two nroducts are formed which
are roadily interconvertible by henting,., ilso, in the
analorous steroid case no gisematerisls were formed (19),

Allylic halosenation hos been mentioned ng o renction
widch occur:s under {ree radical conditions (7)., Thus,
cyclohexene in carbon tetrachloride in the nresence of
peroxides yields allylic substitution products {76, 77).
Jhlorination ot cyclohexene in carbon tetrachloride a2t low
temperatures in the sbsence of 1iht but in excess c¢l.lorine
hng been reported by U8hme and Jchmita (73) to jive 3
ctilorocyvelohexene as well as trancel,«dichlorocyclohexane,
Thesge conditions are culte similar to those used in this
worire The chlorination of cyclohexene was repeated with
careiully purified cyclohexene, ilovever, it wnrs found that
1no 3-chlorocrelohexenc wag formed unless the rerction mixture

was exnosed to 1izht, Perhang the cvcelohexene used by 38hme



and ochmitz was not free ol hydroperoxides or perhans dee
hydreohnlosenation occurred during the vorleup., since no
allylic chlorides are formed, 1t avnears that rsdienl
allylic chlorination is absent in the ehlorination of creclow
hexene and s=iebutyleyclohexene in the absence of 1i:ht,
Thig implies that radical addition is also abuert, at least
in the initial stages of the reaction,

~hen two addition products were found {rom the haloe
sonations of Lef-butyleyclohexene, the possibiliuy that
tlie extra product {(the product in addition to the trang
diaxial dichloride) was lehaloevclohexene was considered,
This product wizht be iformed szs in ligure 14, However,
analytical results and infrarved spectra aas well as a
compnrison of the chlorination produest with an authentic
samnle of 1~chloro§hn§pbutylcyclohexene eliminated this
nossibility, leChlorgei-t-butvlicyclohexene mav still be
Tormed under wore lonizing conditions such that intermedistes
bearing sipnificant peositive charge sre formed and have
reazonavly lonc half lives, This vinyl chloride wea not
looked for in the chlorination crrried out in acetic acid
nrimarily due to the variety of productc oroduced in this
solvont which renderg their geparstion and identiflicstion

dirficult.
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Fgure 14,

Figure 15.
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362 é%ggé%itv of the Jdihalides Under the Heaction
: t

A diaxial gfrangel,?-dihalide may undergo isomerisza-
tion to the diecuatorial leomer under the proper conditions
analozous to the lsomerization of storoidale5,0-dibromides

ilch wes digcussed in the introduction. Ais & matter of
fact, the rates of isomeriszation of the steroidal dibromides
may be accelerated when compared to simple 1,2-dihaloeyclow
hexanes due to 1,3«diaxial interaction of the lO-methyl and
bwbromide in 5d,6¢$dibromocholestane. One might expect
that 1(a), 2(s)=-dibromo=l-t-dutyleyclohexane would not be
converted &s readily to the diequatorial isomer, Even so,
it hac been observed that the dibromides are equilibrated
on distillation (50), and in this work they were found te
equilibrate on a zaz chromatograrh column, The 1,2«-dichloro-
&ggybutylcyclohexanes were found to be considerably more
gtable thian the bromides so that chlorination could be more
ersily studied, Under the resection conditions no measursble
amount of isomerization of the dichlorides occurred except
in acetic acld solvent, Sven in acetic acld solvent the
isonerization was not faéile ernoush to account for more than
& few per cent of XV, Furthermore, during a chlorination the
ratio of IV and {V remained constaent which indicates that
the nixture ol iszomers ic formed directly from the addition

reaction,
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Je3 Influence of the gwbutyl Group

It was mentioned previously that the twbutyl ;roup
vould not be expected to exert sn influence uron electro-
philic addition provided it remains in sn ecustorisl posie
tion throughout the reaction, In order to test the influence
of the gebutyl group on addition, acetie acld was added to
Letebutyleyclohexeno, The reaction was catalyzed by pere
chloric acid, Un{ortunately, the interpretation of the
results is complicated by the isomerization of the starting
olefin to 3-t=butylcyclohexene and 4e=f-butvlcyeclohexene,
but reasona&bly comparable amounts of products are formed
in the initial steges of the addition reaction. This
recult would support the contention that the gwbutyl group
does not exert en important electronic influence on the

3wposition relative to the 4fmpogition,

3ok Mgehanism and 3tereochemistry
Zlectrophilic trangeaddition to rigid eyclcohexenyl

cystens may not necessarily zive exclugively diexial products
as the experimental resultse show, There are several nossible
explanations which mizht agcount for the direct formation of
diequatorial products. The f-butyl sroup of III may not
alwayvs remain in a quasi-equatorisl position in the olefin,

a voat form of the olefin might be fommed, or the addition
may proceed so that the entering groups bend away from the
N-50ond plane, Bach of these explanations will be considered

in turne
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The olefin XIil may be in conformational equilibrium
ag in fisure 11 where the tebutyl zroup is cuasgieequatorial
in “illa and quasieaxial 4in 11IIb, This eauilibrium would
be inportent if the energy barrier is not too high (not
sreater than four or five keal,), and 47 the energy of {IIIb
i not too much greater than that of Alila, Indeed, the
ener;y difference should be smaller than in the case of
eyclobhoxane (fiz, 10} since one of the axial hydrogens is
removed in the olefin. One would not expeet the equilibrium
congstant ever to be as great ac unity, even though the case
vhere it is not nesligible must be considercd, I one age
owmes the tebutyl group in a quesieaxisl position, then it
will block the apnroach of the electrophile to one side of
the ring which restriets approach to the other side {(fig. 15).
Amilarly, the nucleophile cannot apwrozch the side opnosite
the electrophile until the ring system "flipeg”™ and the L
butyl zroup again becomes equrtorial, The nuecleophile nay

thon approach from the least hindered side of the ring to

e

sive diequatorial product. Vhis mechanism does not explain
the diequatorial nroduct obtained Irom addition to ?ucholes—
tene (49) since in the sterold system the olefin canrot
exist in conformational equilibriwa,

The reaction misht alco proceed as in fizure 19 where
an intermediate boat form is developed in which the leCeleX
hondg sll lile in one plane, This nrocess would seom une

favorpble since one of the entering sroups will be eclipsed



Figure 16.
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by three axial hydrogens and the other group will be ine
volved in a 1,L-interaction even thouzh the bost form may be
vomewhat twisted (o reduce these unfevorsble interactions.

If maximum overlasp in the double bond must be maintained,
then the entering gzroups could not move away {rom the 7[-bond
nlane {sec pe 97)e lthouch planar transeazddition appesrs
to be the predominant mode of haloson addition in none-polar
solvents, considerable amounts of diequatorial product are
obtained which are probably not the result of planar truns-
addition since explanctionsg such ag addition to Lefebmtyle
cyclohexene in the confommation with the bulky tebutvl group
axizal or addition joing through a boat intermediate do not
seery adeguate,

One is, therefore, led to postulste an "inenlane™
addition mechanism (7) operating concomitantly with planar
trangeadditions In the ineplane addition nechanism, both

entoring

L

groups may come from the sane halogen molecule,
and a minimum of charge separstion is required, The
entering groups may be bent away from the 7J-orbital plane
in ¢he transition state, l,e, the Lelj«0o plane may make

a dihedral ancle with the Oj1=CUo=li plane (£iz. 17). Since
the resonance energy of a normal T -=bond varies as the
cos”8, where © is the angle of twist (79), a dihedral
enle of 18.5° means a loss of only 105 of the resonance

ener;y, I the 7T-bond underzoing addition ic assumed to



be & perturbed normsl Tebond, a similar functional depen-
dence of resonance energy on twist angle is aquite likely,
The minimigation of oharge separation mey overcome any
energy lost due to twisting of the Tr«bond, A simplified
version of the coubined mechanisms, planar trangeaddition
and ineplanc trange-sddition, is shown in figure 13,

The ineplane mechanism allows the tel and the Hel
bonds to be formed simultancously. The addition of hydrosen
bromide to the l,2«dimethyleyclohexinyl systom seeme to
involve the simultansous formation of the CeH and CeBr
bonds {2), and such may be the case for chlorine addition.

Table I shows that there is a strong dependence of
the product distribution for chlorination of (111 on the
solvent, Ae the solvent polarity increaces so does the
smount of diequatorial product., The dielectric eonstant
of the solvent inereases in the same order as the increase
in diequatorial product (Table IXI) although a straisht
line relotionship betwsen dielectric econstant and the
rroduct ratio or the log of the product ratio deoes not
exliste Acetic acid provides the opportunity for hydrogen

bonding which possibility is abgsent in the other solvents,

Ag the solvent polarity increases more diegustorial
product is obtained, and, thus, more in-plane addition
might be seid to have occurred. Howvever, the ine-plane

{’1

mechaniam may Le expected to be Cavored when charze
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TABLE IIX

sdelectric Constants at 200 {80)

pentane® 1.9 26
benzene 2.28 28
chlorobensone 505 41
acetic acid 6a17 70=75

*The dielectric constant of pentane was ecstimated from
the data available for other hydrocarbons such as hexane.

separation must be reduced, as is required in non~polar
solventss Thus, the ineplane mechanism does not exploin
the observed effect of solvent on the reaction products.
another mechanistie explonation is possible, In
particular, a bridged halonium ion may open or a Jlecomplex
may collapse to place the halo groun in an equatorial posle
tion, The nucleophile may then attack the carbonium ion
center to yield diequatorial trangeproduct (fig, 19). If
all the interaction of the halogen atom with the carbonium
ion center in XViia and (VIIb ig lost, then it is difficult
to explain the absence of gigeaddition. Sterie hindrance
due to the axial hydrogens at the 3 and 5 vositions in XVIia
and the I and 6 vositions in iViIb favors the formation of

diequatoriel products from these intermedintes, Jome small
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interaction between the adjacent halogen and the carbonium
ion may be all that is necessary to held confizuration (16),

The formation of both diaxial and diequntorial nroducts
as well as the behavior of the reaction in various solvents
iz exrlained by the operation of a carbonium ion mechanian
which leads to diequatorial product and the conventional
transeaddition mechanism which gives the diaxial products,
ig the solvent polarity increascs the ocarbonium ion mechanism
leading to diequatorial products is favored and eventually
nredominatesd,

Bromine is a sood bridsing group (81, 82, 83}, and the
bromonium ion would be expected to be attacked directly
without previous opening to allow the bromine to move to
an equatorial position.,. It is difficult to reconcile the
fact that the bromine addition produces as nuch diequatorisl
oroduct as ig found (%% from bromination of L=t-butyleycloe
hexene)., It is voseible that the dieaquatorial dibromide
wae Tormed by isomerization of diaxial dibromide, iore
experinental work needs to be done on the addition of
bromine t¢ olefins and on the stereochenistry of the open=-
in;; of browoniuvm ions in rigzid cvelic systems, I it
turns out that diequatorial dibromides are formed directly
in addition, then perhaps a third nechanism, namely ine

plane attacl, nmust be considered for the bromine esce,
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In aumary el&etrobhilic halozenation has been shown
to produce appreciable smounts of diequatorial dihalide,
for chlorination, the relative amount of diecuatorisl die
chloride inereases as solvent polerity increases, The
most likely mechanistic explanation of these results inae
volves the classlieal mochaniom which leads to diaxial
products together with a carbonium ion mechaniom which is

responsible for the formation of disquatorial products,

345 : Shlorination

I{ an open carbonium ion is formed, there is the

possibility that it may eliminste or rearrange. An example
of elinination occurring during chlorination is provided by
the reaction of chlorine with isobutylene which leads to the
production of methallyl chloride (84, 25), Evidence was
advanced for the explanation of this result in terms of the
formation of a chloromethyldimethylearbonium ion which is
followed by the loss of a proton from a methvyl group adjsecent
to the carbonium lon center. Aloo, the chlorination of
methylenecyclohexane produces lechlorcmethylel-chloros
eyclohoxane in 12.19% yield and the elimination product,
l=chloromethylceyclohexene, in 38-485 yleld (85), These
lattor authors prefer to explain the formation of the allvlice
chloride In terms of & cycllic tronsition state in whieh the

CwGl bond end the hydrogen chloride are formed simultaneously,
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Kearrangement of a carbonium ion is also knowm to
occur in some electrophilic addition reactions, For exemple,
the addition of dinitrogen pentoxide to cvelonhexene yields a
conplex nmixture of products amony which are gige=l-nitroe=’=
cyclohexyl nitrate, trangel-nitreo-3-cyclohexyl nitrate, and
olefinic productes (57). These results sugsest that nitrae
pion by nitronium ion is occurrin:, The misration of a
hydrogsen sives rice to the grang-l-nitro-3«cyclohexyl nitrate,
Tho rearrangement of the initially formed nitroecarbonium ion
to yield l,3-substitution is probably facilitated by the
presence of the nitro group dipole which interccts unfavore
ably with an adjacent carbonium ion,

For a properly constituted olefin, renrrancement may
occur during chlorination., Schnmerling found that the
chilorination of norbornene in pentane at «750 gives two
nroducts {23), Ioberts, Johnson, snd Carboni demonstrated
that these products are nortricvelyl chloride and gyne7e-
exg-2-dichloronorbornane which are produced in 435 and 375
yields, respectively (£9). Rortrievelyl chloride recults
from a l,3-elimination from the carbonium ion intermediate,
Tho dichloride product, gyn~7-cxo=’-dichloronorbornane, is
a result of a gkelotal rearrangoment,

Additionsl examples of rearranioment during chlorina-
tion mavy be found, The etlorination of ol~pinens at 09 yields

7, swdichlorocmmphine (20, 91} via a 1,2-shift of the bridzing
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dimethylmethylene roup. AHearran-ement may also occur in

ne chlorination of 3,3=dimethyl-lebutene as reported by
Cook and whitmore (92), iAlthouzh 53% of the starting ma~
terial is accounted for by the formstion of 1l,7«dichloro-3,
3-dinmethylbutane, 35 of a mixture of different chloroslkanes
or chloroalkencs is also formed, This mixture was thought
to contain mostly unsatureated dichloridesz, It is also
nossible that the mixture is the resull of a rearransement
¢f a chloromethyletebutvlcarbonium ion followed by elinminaw
tion or substitution,

I chlorination ol Letebutyleyclohexene produces a

carboniun ion which is sufficlently stable or leny lived,
or if driving forves for eliminstion or rearrangement exist,
eliminated or rearranged products may be formed in addition
to the expocted 1l,2~dichlorides, CLlimination products have
been schown to be absent since appropriate bands in the
infrared upectrun of the chlorination product mixture are

lacking,

j

he situation with regard to the occurrence of rearrangee
nent during the chlorination of Leg-butylecyclohexene is not
clear, Formation and rearran ouent of a earbonium lon formed
in the c¢h:lorination would produce 1,3-dichlorides and poscibly
l,b-dichloriﬁes. The actual resultes were as follows, Vapor
rhase chromatogsraphy of the chlorination product nixture

gave only two penks, Infrared cpectrzl evidence indicated

that both axial and equatorial CeCl bonds uvere present,
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lleating the product mixture produced an increace in the
axial C=Cl bond concentration relative to the equatorial
Ge=.1 bond concentration as indicated Ly both vapor phase
chromatogranhy and infrared spectral evidence., It is suge
Jeated that the eriglinal chlorination production mixture
consicted primarily of 1,7=diaxial ond 1,7-diequatorial
diclilorides with the possibility that 1,3~dicblorides snd
1,4=dichlorides are present in smaller amounte, This sup-
restion is based on the followinz considerations: i) the
facile izomerigation of & 1,3-dichloride having an eounvorial
o=l bond to the 1,3-~diaxial dichlovide is improbsble due to
the 1,3-~diaxial interaction in the product; ii) the scile
icomerization ol a 1,3«dichloride to the l,2«diazxial di
chloride ssems unlikely; iii) the 1,Z-diequatorizi diechloride
should be formed with similar easo a2 io a 1,3-dieiiloride,
since only two peaks were observed on vapor phase
ehromatograrhy of the chlorination product mixture, the
retention times of any 1,3-dichlorides or 1,4~dichlorides
on the columns used wust be close to that for one of the
1,2«dicklorides so that the oresence of the rearrancement
would remain undetected, ince both the 1,Z-diequatorial
dichloride andi the 1,3-dichlorider have dinrole moments on
the order of the ;roun moment for a CT~Ll »wond, whercas the
1,%«diaxinl dichloride hazs only a small dizole moment, the
retention timec Lor the 1,3«dichlorides mizht be commarahle

to that Jor the 1,7=-diecuatorial diehloride,
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There i1s some sugcestion in the infrered spectrum
of the dichloride mixture that 1,3«dichlorides are present,
The weal:r abuorption band occurring at 709 em=1 did not
chanse in intensity on distillation of the mixture of die
chlorides, Oennett and Yiemann observed a similar sbsorpe
tion band in one product fraction of the resction of hydro-
chloric acid with gisel,l=epoxyeyclohexane (93}, This
product fraction wac thought to contain primarily 1,3
dichlorocyclohexanes,

The {nfrared result mentioned above is only suzz6G=
tive, and {urther experimental work needs to be done, ror
exanple, if & residual dichloride Iraction remained after
a thorough attempt to dechlorinate the diequatorial dichlor-
ide product with gine in ethanol or acetamide, this would
constitute evidence {or the presence of dichlorides other
than the 1,7=dichloride, The 1,3-dichlorocveclohexanes have
not been well characterized and studied as yet, and it
would Lo useful to have information on infrared spectrs,

reactivity towards @ine, <te.
be EXPEALLBETAL

& - g~Putyleyclohexyl Acetate

Vapor phace chiromatography of a dilute solution of
atlizson reagent grade Legebutvlicyclohexanol on & Perkine

#1lmer Carbowax 1500 colurm at 143° indicated the aleohol to
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be 8 nixture of 187 gls-i-t-bucyleyclohexanol and 824
trang-bet-tbutyleyclohexanol. The erystalline mixture of
Letebutyleyclohexanols {50 3., 0,37 mole), 3 g. ¢f anhydrous
sodium acetate, and 125 ml, of acetic anhydride were reoefluxed
for 4 hours., The reaction mixture cocled to room temperature
was poured with stirring into 1 1. of cold water, After
standing one houf with occeziongl stirring to insure comnlote
hydrolysis of the acetic anhyvdride, the mixture was extracted
with three 100 ml, portions of pentane., The combined pentane
extraeta wore washed twice with 200 ml, of water {ollowed by
sinsle washings with 100 ml, of 2% gsodium hviroxide solution
and 100 ml. of water and were dried over anhydrous magnesium
sulfate, The pentsne wus distilled from the filtered solution
on a steam bath, The liquid residue was distilled under
vacuum through a 272 em. long, 1.5 cm. inside diameter pyrex
column packed with stainless steel sauze cylinders (3 x 3 mn,
7700 mesh/cm? supplied by Eggmann and Compeny, Basel 3,
“witzerland)e The product fraction was collegted in &
receiver cooled in a dry-ice-acetone mixture, b.p. 125-1280,
13 mn. Lge, 52.3 Zo 82%. A second prepsration on twice

the scale vielded 84%, Vapor phase ch:romatosranhy of an
initial portion of the eollected Iraction indlcated the

presence of about 257 of glgeh=febutyleyclohexyl acetato.
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h=f=3utyvleyclohexene

a. Pyrolysie of lei«Butylcyclohexyl icetate.~wlwmt=

“utyleyclohexyl acetate {(15.4 5., 0,078 mole) wars added
dropwise at a rate ol 3 to O drops per minute and under a
slow stream of helium onto the top of a 2,5 cme dismcter
vertical quartg column packed over a lenzth of 23 em, with
pyrex helices and heated to 4300 4in a combustion furnance.
The pyrolysis product was collected at the lower end of
the column in a "lask cooled in a drveice-acetone mixture,
The pyrolyesis was considered complete one hour aifter the
ezter addition to the ton of the column was comnleted, The
column was coolad to room temperature and was washed ith
30 ml. of pmentane which was added to the preoduct mixture,
The pentane solution was washed with 20 nl, of water, 100
nl. of 5. sodium hydroxide solution, and finally with 100
mle of water., The pentane solution wag dried over calcium
chloride, filtered, and the pentane was distilled throuzh
a 45 cm. lonz column, l.5 inside dismeter, oacked with
nyrex laschis rings., The remaining liculd residue was
vacuw: distilled throush a 20 em. lon:, vrcuum jacketsd
rodbielnisk colurnn, and the fractions were collectes in
receivers, cooled in a dry-ice-acetone mixture, D13 Zay
vield 6753 ben, 780830, 42 nm, Hg.; 55%= 590, 12 ma, Hg.
That the nroduct was & single substance was indicated by

vanor rhase chiromatogranhy on silicone rubber at 1500 and



Sarbowax 1540 at 11569, The infrared snectrum taken nest
between salt plutes had maxima ot 1660(w), 1480(m), 1432(w),
1392{w), 1364(e), 1245{w), 1230(w), 910(w), 700(s) om=l,
The¢ yilelds on three similaer preparations were 79%, 5%, and
L3, The pyrolysis column had to be repacked with new,
clean lielices between runs since otherwlse tars and polymers
contaminated the product, Pyrolysis wee very slow and ine
complete below a column temperaturs of 4000, The olefin
was stored in & refrigerator under an oxygen-free nitroren
atmosphere with a few erystals of hvdroguinone added to

supnress nydroperoxide {ormation,

be Uehydration of Let=Butyleyclohexanol ,~=Matheson

reagent grade het-butyloyclohexanol (22,21 g., 0,142 nole)
and 10 ml, of 855 phosphoric acid {Merck reagent) were
heated to 1580 in a silicone oil bath under a belium ate
mosphere, The product was distilled as it formed throush
a Podbielniak colurm (tentalum wire cocil), The temperature
of the distilling vapor remained at 930 & 10 over a period
of 4 hours during which time the temperature of the oil
bath was gradually increased to 215°, The organic laver
of the product was separated ITrom the aqueous layer, dried
over calcium chloride, and vacuum distilled ﬁhrough the
Fodhielniak column, A single fraction, hp. 73-?70; 32 mm.
ilze, was collected, 9,70 3., yvield 505, The infrared spec=-

trun taken neat between salt nlates had maxima at 3040(m),
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2970(e), 2900({e), 2¢80(s), 2850(m), 1658(w), 1LEO(m),
65(nm), 1438(m), 1392{m), 1364(s), 1245(w), 1232{(w),
920(w}, 910{w), 802(w), 720(w), 702(m) em~l. Vapor phase
chromatography on Carbowax 15L0 at 759 gave three peaks of
similor retontion times present in relstive amounts 7:3:9

in order of increasing retention time. The slowest moving
peak hae a retention time identical to that of L-g«butyle-
cvelohexeno, All three peaks werce identified with similor
pesks obtaired when pure heg~butyleyclohexene was treated
wit: acetle acid containing a catalytic amount of nerehlorie
aclds The nuclear maznetic resonsnce spectra showed two

kinde of tebutyl gzroups in relative amounts of 53+ and 379,

Sromination of L~t-Butylcyclohexene in Dengene,--i

solution of Le=t-butyleyclohexene (L.5%1 g., 0.0331 mole)
dissclved in 25 nl. of dry benzene {distilled from calecium
hydride) was stirred and cooled to 3°© in a 100 ml, red,

low actinic pyrex flssk covered with aluminum foll and ime
mersed in an ice bath, A solution of bromine {5.47 g,
0.0342 mole) in 14 ml, of dry benzene was added dropvise
with stirring at such a rate that the tempernture remained
below 69, AL the end of an hour the solvent was distilled
into » dry-ice cooled tran under vacuum at a temperature
alishtly below 250, Titration of the distillate with 1 U

sodium bydroxide required less than 30 ml, The comrosition
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of the residus did not change measurably with time, The
infrared spectra in the 600 em~1 to 800 cm~l region had
naxina at 6&5(w); 678{s), and 773(w) em~l. The nuclear
magnetic resonance spectrunm in the «<hydrogen rezion ine
dicated the presence of 9% of 1lle), 2(e)~dibrono=4(e]ete
butyleyclohexane and about 91z of l{a), 2(a)edibromo=i{e)«

L-butyleyclohexane,

Shiorinatvion of Pentane in the Preosence of Anthracene,--
ilatheson reagent anthracene (1,45 ., 0,009 mole), m.p., 213-

2140, was dissolved in 140 ml, of benzene and 70 ml, of
pentane in a low actinie, red pyrex flask covered with
aluminum foil. The solutiom was stirred and cooled to about
239 and dry chlorine gas was bubbled into it, At the end of
1/2 hour the anthracene had been chlorinated since ¢hlorinated
anthracene derivatives were isclated, but no chloropentanes

were {ormed as indicated by vapor phase chromatography.

Chlorination of afgrﬁutylcyclohexene

8, In “entane,e-A solution of Lef~butylcyclohexene
(3.40 g.; 0,025 mole) and 0,022 gz, of 2;$~di-§fbutylngrcresol
in 50 ml, of distilled pentane was stirred in a low actinic;
red pyreox flask covered with aluminum foil and cooled in an
ice bath, Chlorine gas from a cylinder was dried by bubbling
throush eoncentrated sulfuric acid and thence into the rew

action flask at a rate such that the temperature remained
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below 79, At intervals of a few minutes aliquots of the
reaction mixture were removed and c¢hromatogravhed on a
silicone rubber column at 1759, The c¢hromatozraph results
are listed in Teble IV, The aliquots when initially re-
noved were yellow; the ecolor disaprneared in a few seconds,
lhear the end of the reaction the presence of hvdroren chloride
wag noticed, and increasing amounts of chloropentanes were
found in the later aliquots, The low retention time chlorow
pentanes were identified with the products of lizht induced
chlorination of pentane, The comnosition of the allquots

did not change measurnbly over a period of 24 hours, The
average composition of the aliquots wvas 26,335 of diequaterial
isomer with a standerd deviation of 1,94,

After sitting four hours at room tempersture, the ree
action nixture was poured into 75 ml. of water, the reaction
flask rinsed out with 25 ml. of pentane, and the layors
separcted, The organic layer was waghed with 75 ml, of wmter,
75 ml. of 5% sodium hydroxide, and finally with 75 ml, of
vater and was dried over calcium chloride. The pentane was
distilled from the filtered solution, and the liquid residue
remnaining was vacuun distilled through a Podbielniak column,
The dichloride product fraction boiled 100-1040, 6 wmm, Hg.,
2.758 4, Ll:e Vapor phasge chromatography indicated ap-
proximately 115 of the long reotention time isomer and 897

of the other diehloride isomer in the dichloride nixture,
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TABLE IV

Shroamatograph of Aliquoteas of Chlorination in Pentane

Time % Long retention
minutes  time isomeri soments
10 - Shlorine flow snall,
no renxction,
3C o T'o reaction,
L5 ———- 5till no apparent reaction,
flow increased.
55 3062, 29.3, 28,0 Allquots are initizlly yellow,
75 2547, 2763, 2042
85 2447, 2543, 20,7
g5 2540, 2547, 21,8
105 25,6, 28,1, 24,0
L5 2349, ka7, 2040
176 25,8, 2549, 2540 deaction nearly complete

Judisinsg by olelin peak.
¥Zero time wasc taken at the initiation of chlorine
flow,

$7or each aliquot three measurements ol peak area
ware perfomed,
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Anal, calculsted for CipligCla: C; 57.42%5 H, 3,675
01, 33.90%, Found: C, 57.27%; H, 8.57%; C1, 33.,69%,

After a week the composition of the diehloride mixture
was found to be 156,5% & 1,1% {standard deviation) of the
long retehtion time isomer, The infrared spectrum téken of
the pure liquid in a2 0,025 em, ccll had maxima at ?900(3);
2830(s), 1475{8), 1h48im}, 1430(e), 1392{w), 1362(=), 1342{w},
1322{w), 1307{w), 1278(w), 1233(m}, 1212{e), 1159(w), 1147{w)},
1035(w), 1020{m), 981{m), 932(w), 905{w), 883(m), 256{w),
819(e), 793{w), 776{m), 740{w), 708(w), 583(m) em=1,

A solution of the sbove mixture of A-tebutylcyclohexyle
1,7=dichlorides (0.893g.) and 2,5edi-febutylep=cresol (0,065
o) in 10 ml, of distilled pentane in a {lask »nrotected from
light was cooled to below 2° 4in an 4ce bath; and dry chlorine
#ae wag passed through the stirred solution, Aligquots were
renoved &t intervals and chrometographed on silicome rubber,
The results are given in Table V, The ecomposition remained
at 15.6 & &% of the long retention time isomer for all

aliquote,

be In Benzene.--Dry chlorine (C.84 ge., 0.012 mole}
diszsolved in 11 ml, of dry bensene (distilled from calecium
hvdride) wac added dropwise to a stirred solution of anthra-
cene {0,226 go, 0,001 mole) and Legebutylevelohexene (1,787
ey 00122 mole) in 45 ml, of dry benzene cooled to 70, The

reaction was protected from light as sbove, Allguots of the



TABLE V

Chromatogyaph of Aliquots of Dichlorides

Time,* minute % Long retention time isgmer
18 15.2
42 14.7
56 15.8
79 16.5, 16.6
92 1.9
106 15,6
132 15.7
158 16,0

#¥Zero time was taken at the mowment of chlorine flow
initiagtion,
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reaction mixture were romoved at intervals ané chromato-
graphed, Little chlorination of the olefin occurred so thot
additional chlorine was added until the cblorination of the
olefin was essentially complete. The solvent, excese chlorine,
and hydrogen chloride formed were removed under reduced nres=-
sure anl collected in a dry ice trap, Water was added to the
trapped nixture, and the nizture s titrated with 0,00929 N
sodiuwn hydroxide to a phenolphthalein end noint, A total of
14,50 ml, of bage was required indicating the presence of
1,34 x 10~% moles of acid. Vapor phase chromatogravhy of

the chlorinated residue indicated the presence of 23,45 o
1.15 of the lon” retention time isomer relstive to the total

dichloride formed,.

ce Zn Chlorobenzene.--A solution of h-t~butylcyclo-

hexene (4420 ., 0.0305 mole) dissolved in enouih chloroe
benszene to make a total volume of 50.0 ml. at 250 was cooled
to below 59 in a low actinie, red pyrex flask covered with
aluninum foil and cooled in an ice both, Wwhile stirring,
chlorine gzas was bubbled throuzh the solntion at a rote such
that the tomperature remained below 59, Aliquots of the
renction mixture were removed at intervals (Table VI), The
aversge composition of the last three aliquots was found to
be L1.15 ¢ 1.66 of the lon; retention time isomer. A4ll

aliquots were colorless althoush a dilute solution of chlorine
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TABLE VI
Chromatograph of Aliquots of Chlorination in Chlorobensene

Time,* minutes % Lonp retention time igomer

5 36, 30 (may be large error because
peaks are small)

20 4245
28 39.5
40 5l.2

*7avo time was taken at the nmoment of chlorine {low
initiation,



in chlorobensens ie yellow and remains yellow for several
hours, After 4O minutes from the time of chlorine flow
initiation the presence of a slight amount of hvdrogen
chloride was detected, A 5,00 ml, aliquet was removed,
delivered to 25 ml, of water, and titreted with 0,00929 U
sodium bydroxide to » phenolphthalein end point, The veolume
of base required was 3,00 ml, corresponding to a total of
3.3 x 10** moles of hydrogen chloride in a reaetion mixture
of 50 ml,

The reaction mixture was neutralized with 0,01 H
sodium hydroxide, and the c¢hlorobenszene layer was separated,
washed with 50 ml, of water, and dried over calcium c¢chloride,
The filtered solution was distilled under vacuum through a
Podbielnisk column, The firet fraction, b.p,. 79»320; 141 mm,
Hg.; was primarily chlorobensene with some unreacted olefin,
The second and third fractions were mostly unreacted olefin,
i fourth fraction contained the dichlorides, 1,153 g.; 18%,
bepe 11221150, 13 mm, Hge. This lraction tonsisted of 324

of the long retention time icomer,

de in Acetic Acid.~-Chlorine gas was bubbled into a
stirred solution of Letwbutyleyclohexene (1,345 g., 0,01
nole) in 20 ml, of glaeial acetic neid (Baker's reagent)
cooled such that the temperature remained at 15179, Ten

to fifteen ninutes were required before the solution turned



- lbé\-

vellow and the temperature astarted to dron, The chlorine
addition was stopned, Aafter 4 hours at room temporature
chlorine was atill precent, The nmixture was poured into

L0 nl, of water and extracted with 15 ml. of pentane, The
pentane layer was separated, woshed with 15 ml, of water,
and with 15 ml. of 5% sodium hydroxide which removed the
renaining chlorine, The pentane solution wac dried over
caleium chloride, filtered, and ovaporated to apnroximately
5 ml, under a strean of helium, Vapor phase chromatography
of the resgidue on a Carbowsx 1540 column at 2009 indicates
between 707 and 75% of the mixture to be composcd of the
long retention tineo isomer, A more accurate quantitative
determination was not nossible due to overlapning of the peak
with that of an unknown substance.

A mixture of dichlorides contnining about 32% of the
lonz retention time isomor (0,30 g.) was dissolved in 2.5
ml, of glacial acetic acid {Baker's reagent), At intervals
of several hours 30 )41. aliquots were removed ond chromato-
sraphed on a Carbowax 1540 column at 200°, The mixture was
allowed to stand at room temperzture for four days, The
mixture wags poured into a few ml, of water and extracted
with pentane, The combined pentano extrocts were washed
twice with 5 ml, portions of water, once with 5% sodium
hydroxide, and once more with water. The pentane solution

was dried over magnesium sulfatve, filtered, and evaporated
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to 8 few milliliters under a stream of helium, A sample wana
chromatographed as above.

Althouzh the presence of agetic acid hindered the
quantitative analysis of the chromatogravhic curves no ape
parent change in composition oecurred in the first few hours,
However, in the dichloride mixture obtained upen removal of

acetic acid waes found 41% of the long retention time isomer.

hetwButyleyclohexanone.~~To potassium dichromate (33 g.,

0.1l mole) digsolved with stirring in 200 nl. of water at

559  was added 20 ml. of ecemc. sulfurie acid followed by
hefwbutyleyclohexanel (BEastman resg., 52.08 g., 0433 mole),
The reaction mixture was stirred and maintained at 55=-600

by heating on a water bath for 1/2 hour, thon ecooled to room
temperature and allowed to stand for several hours, The re
astion mixture was extracted with two 100 nl, portions of
pontane, and the pentane extract washed suscessively with

two 100 ml. portiona of woter, 100 ml, of 5% sodium hydroxide,
and 100 ml, of water. The extract was dried ovor anhydrous
maznesium sulfate overnight, filtered and the pentane removed
by distillation under reduced pressure, A short path vaeuum
distillation of the product gave 39.48 g. (763) of Letwbutyle
cyclohexanone, Lep» 103,5-1089 (14 ma,), the infrered speetyum
of thie material showed no hydroxyl band and a strong kotone

carbonyl band,
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1,1~3ichloro=4=tebutylcyclohexane and l=Chloromi=tm

butylcvelohexeng.--To phosphorus pentachloride (analvtical

reagent, 26,0 g., 0.125 mole) and 100 ml. of methylene
chloride contained in a 200.ml, 3e-necked rounde<bottom flask
fitted with a mechanical atirrer, thermometer, and pressure-
equalizged droppin; funnel and cooled to 400 by an icee-salt
bath was added dropwise with stirring over a perdiod of 1
hour a colution of Lege=butylcyclohexanone (15.42 2., 04100
mole} in 20 ml., of methylene chloride; during the addition
tho tenmpercture rose to «30, The mixture was stirred for
an additional 2 1/2 hours at & temperature of -3 to «7° and
then for an hour up to room temperature, The mixture was
poured onto 200 g. of ice, the layers separated, and the
organice layer washed with two 100 ml. vortions of water and
shen stirred with 100 ml, of 5% sodium hydroxide mixed with
100 ze of ice. The organlec portion was sepasrated, dried
over caleium chloride, and the ecalcium chloride removed by
filtration. A vapor phase chromatograph of the methylene
chloride solution indicated that the product consisted of
624 lechloro=4=-g-tutylcyclohexene and 18% of 1,l-dichlorow
L-t-butylcyclohexane, if it is assumed that the component
with the longest column retention time is the dichloride,
The methylene chloride was removed by distillation through

a Vizreaux colurm on a steam bath,
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l-Chloro=let=butyleyclohexene,-«To potasaium hydroxide
pellets (4O z.) mixed with 50 ml, of 953 ethanol maintained

2t reoflux was added cautiously a solution of the product
from the previous step in 25 ml, of 95% ethanol; followed
by 2 10 ml. ethanol wash, The mixture was maintained at
reflux for 3 hours, poured onto 50C ml, of ice and water to
give a milky suspension, The nixture was extracted with
three 50 ml, portions of methylene chloride, the organie
extract washed with water and dried over calcium chloride,
The solvent was distilled throuzh a 45 cme column packed
with Raschlg glass rings and the residual product was
vacuun dictilled throuzh a Podbielniak columm to give two
Forerun fractions (1,16 g., b.p. 25«74°, 6 mm, Hg, and
132 Ze, DeDe The?79°, 6 mne Hg,, respectively) and a oroduct
fraction, 2,25 g., bep. 100=104°, 6 mn, Hg, The retention
time of the product on a Carbowax column differed greatly
from the retention times of either product of the chlorina-
tion of Lep~butyleyclohexene, The infrared spectrum of the
product in & 0,025 em, cell had maxima at 2500(s}, 165%9{(m),
W68s), 1433(m), 1390(m), 1362(s), 1343(n), 1295(w), 1257(w),
1260(w), 1269(w), 1142(w), 104L3(s), 1022(s), 980(s), 963(m),
os0{w), 907{m), 827(m), 80G(m), 717(s) em=l,

Anal, Caled for CypH37Cl: O, 99.54; H, 9,923 C1,
20453, Found: C, 69.4b3 H, 10.34; C1, 20,21
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Ch at £ h

a. C 0 ¢.w=Cyclohexene {Eastman reagent, 100 ml,)
wae shaken with a solution of 10 g, of sodiuwn hyvdrosulfite
in 100 ml, of distilled water, T7he olefin laver was separae
ted and dried over calcium chloride under an oxy;en«{ree
nitrogen atmosphere in a low actinie, red pyrex flask. The
filtered cvclohexene was distilled in an oxygen-free nitro-
gen atmosphere, b.,p. 80,59, 745.2 mm, Hge The first 25 ml,

was discarded,

b, Chlorination in Carbom Tetrachloride.~-To &8 stirred

solution of ¢hlorine (3.2 zZ., 0045 mole) in 40 ml, of carben
tetrachloride (Baker's reagent) cooled to ~-80 in an ice-salt
bath and protected from light wae added dropwise a solution
of cyclohexene (3469 ge, 0.045 mole) in 20 ml, of carbon
tetrachloride at suech o rate that the temperature remained
below 4O, A vapor phase chramatograrh of a sample of the
carbon tetrachlorideée solution on a Carbowax 1500 eolumn at

1450 and 1219 indicated the presence of a single produet,

violet Hadiation.=-Dry chlorine was passed through a solue
tion of cyclohexene (3,794 g.) in 30 ml, of carbon tetra-
chloride while the solution was irradiated with light from

a ueneral Electric Purple X bulb, Vapor phase chromatography
indicated the presence of two substances, The major com-

ponent had the longest retention time, was identical to the
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product of the chlorination in absence of light, and was

present in about 91%,

Jbability of Let-Butyloyclohexene in icetic Acid.--

A solution of Legebutyleyclohexene (1,01 z.,) in 5 ml,
of slaeial acetic acid containing 3 drops of O0% perchloric
was neated on a steam bath for one hour, The reaction was
cooled briefly and poured into 10 ml, of water and 10 ml.
o’ pentanc, The pentane layor was sepercted, washed with
10 ml. of water, 10 mle of 5% sodium hydroxide, and dried
over potassium carbonate, A sample chromatographed on a
Carbowax 1540 column ot 158° {ndicated that only about 75%
of the olefin remained and that this olefin wes isomerized
to the extent of about 305 into the other positional isomers.
four products, two of which were identified ne gig=het-
butyleyclohexyl acetate and trangei-t-butylcyclohexyl ace-
tate and came off the chromatorranhic colum second and
last, recpectively, were present in relnotive amounts of 39%;
36%, 15%, and 104 in order of increasing retention tines,

In another experiment the rezction mixture wos allowed
to stand at room tempercture for about three hours after
heoating on a steam bath for one hour. The composition of
the acetates was then, in the order of increasing retention
tine, 32%; 23%, 25&; and 20%., Bxtengive isomerisation of

olefin had cccurred.
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LITHIUM ALUMINUM HYDRIDE RBEDUCTION
07 CISw2,6-0IMETHYLEYCLOHEXANONE
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l., IUT:GOUCTION

The worlk reported here comprises a brief study of a
steric eiffect in reactions of 2,0~disubstituted cyclo-
hexyl derivavives which may be thou ht of as corresponding

to thie "ortho® elfects observed in aromatic cystems (1),

1.1 Lithium Aluminum vdride ceduction of Xetones

“eduction of ketones with lithiwnr aluminum hvdride
usually zives ag the predominant product the nost stable
aleohol (2, 3, 4, 5). However, stericolly hindered ketoncs
sucii as camphor and 2«cholestanone zive alecohols resulting
from the addition of hydrogen to the least hindered cide
o7 the ketone (4, 5, 6, 7). such results have led to the
formulation of the c¢oncepts of "product development cone
trol” and "steric avoroach control,” (3, 4). The probable
mochanizn (8} is depicted in figure 1, Coordination of the
carbonyl sroup with the hydride complex is followed by the
attack of the hydride donating species at the carbonyl
carbon, The latter step ie rate-determining ac well as
sroduct=deterninin.. The complexation with the carbonyl
oxv e may eflfectively incresne its bulk to a considerable

xtont {3) which inereases the tendency of this group to
occupy an equatorizl vocition, It 1s ensy to see when
conormational preferences are taken into account that this
offect would lesd to the predominant formation of transe

alcohols from Lesubstituted cyeclohexanones, giseclcohols
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from 3=substituted eycloliexanols, and trangealcohols {rom
2-zubstituted eyclohexanols, Thus, "oroduet development
control” or the most stable product is pEedicted by thece
conciderations,

Talble I gives the percentages of transe-sleohol from the
reduction of some Lealkvl substituted cvelohexanones and
L=vlhenyleyclohiexanone, It ic apnarent that these results

arg in agreement with the above prediction,
TABLE I

Lithiium Aluminuwz Hydride Zeduetion

of L-lubstituted Cvclohexanonee

fetone % Trang,
Lmtimbutyl 91-93 (9,10), 23.90 (11)
hemothyl 81 (), 75 (12), 79-81 (9,11), 34 (21)
Lecvaolohexyl L3 {12)
L=vhenryl 50-91 (11)

o

The reduction of Lemethyleyclohexanone gives less trang-

alcohol than A-t-bDutyleyclohexanone becruse the methyl group

g not restricted to an equatorial vosition; the free energy
diiierence between an axial and equatorial methyl is 1.5 to
1.3 keal/mole (13, 1l&). In view of the other results, the
case ol 4e=cyelohexyvleyclohexanone should be confirmed, One
would expect the Le=cyclohexyl rroup to be almost ac elfecw

tive as the L-isoproovl group in holdins configuration,
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Table II lists the percentages of gisgealeohols formed
by reduction of some 3-substituted cyclohexanones, Here
the recsults are complicated by the occurrence of two steric
effects, steric hindrance invelving complex Tormation and,
since the alkyl zroup when in the axial position is on the
gide of axial hydride donor approach, ateric hindrance to
hydride donor approach in one conformation (fig. 2}, This
latter steric effect should lead to an inerease of the thermoe
dynerically stable produect over that {rom the corresponding
L-substituted cyclohexenone, The regults for Le-methvle and
J=methyleyclohexanones veay this out, The ease of 3,3,5«trie
methyleyclobexanone is intereating since it represents a
limiting example of the effect of an axial 3-methyl zgroup,
The conformastion I {fig. 3) is held sinee the 1,3-diaxial
interaction of two methyl groupe is expected to be high, A

TABLE 11

Lithium Aluminun Hydride Reduction of

3=Substituted Cyclohexanones

Ketone % cie
J-methyl 92 {4), 89 {17), 85 (9), 37 (21)
3,3, 5=trimethyl 50 (12)

comparison of the result for 3,3,5-dimethylcyclohexanone

with 4,t-butyleyclohexanone indicates that there is &
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large steric hindrance to hydride donor approach due to a
Jesaxial nmethyl,

Table II1 lists the percentaores of trance’-substituted
aleohols formed by the reduction of gome 2esubstituted
cyclohexonones and 2esubstituted cvclopentanones, One
is struck by the fact that the prorortion of thormodynone
ieally stable produet (trang-slechol) deereases as the bulk
of the Zesubytituent increases, It apnears that a new sterice
effect is beglnning to dominate which is somehow connected
with the bulk ol the substituents around the carhonyl roun,
This sugests the pogsibility that two methyl groups flanke

in; the carbonyl would have an even morc exagzernted effect.
TARLE IXX

Lithium Aluminum Hydrilde LReductions of Some 2e-Alkyl

Substituted Cyclohexsnones and Cyclonentanones

Ketone % trang
2-nathyleyclohexenone 82 (3), 64 (4,15}, 60 (1?); 70 {21)
methone 71 (L)
2=i=butylcyclohexanone 51 {156)

2=cyclohexyleyclohexanone mostly ¢ig {23)
2eneothyleyclopentanone 75 {2)
2e-isopropyleyclopentanone 43 (17}, mostly gis (23)

2-tthyleyclopontanone moctly cis (23)
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1.2

The seponification rates of egters of 2,0=dialkyl-

cyclohexanols indicate the presence of steric hindrance in
those systens,

Table IV givee values of rate constants (in 1, mole=l
gec~l) for saponifilcation of Let~butylevelohexyl acid
vhthalate and the 2,0~dimethylcvclohexyl aecid phthalates.,

The 2,0 -dimethylevelohexyl aeild phthalates exhibit markedly
roduced reactivity when coupared with glseletebutylcyclohexyl
acid phthalste, 7The gigelete-butyl cyeloheoxyl esters generally
saponily clower than other cryclohexyl derivatives except in
such cases as these whoro steric hindronce at the reaction
site completely dominatecs the reaction. Indeed, becausne of
this 1t is not possible to dissect the rate constants in

the conventicnal manner {14} into the mole fractions in each
conformation, since the observed rate constant must be inter-
medinte between the extreme casec of cige and Lronswhet=

butylevcelohexyl esters for thie procedure to he apnlied,
TABLE IV

saponification of icid Ththolates

“¢id phthalate Temps, OC  solvent kX103
traqgwu-gyhut"lcyfthcxyl 699 E»0 53.3 {14)
¢l gelmtwbutrleycloboxyl &99 HaO 5445 (14}

29, 6f=~dimetliylevelohaxylelal 700 lGéBtGF-HQO 21.3 (18)
20, B -dimethylcyvclohaxyl-18 700 10524 CH=HaC 742 (18)
2d, g=dimethyleyclohexyl-1d, 70° lOaLtuh-ﬁgD 1.3 (18)
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The rete difference between gggg and grengeb-tebutyle
eyclohexyl acic phthalates ie much larger than the rote
differénce between the "all ¢is® and "all equatorial®
isomers which may be assumed to have preponderantly a
gingle conformation each, II and III (fig. 4), respectively.
Althouzh the "all ¢ig” isomer II is slowest, the difference
iz but a factor of 5.5 in rate., This may be exnlained if
the storice erowding of the methyl groups 18 of comparable
or greater offect than the sterie differeonce between axial
and equatorial grouns in elowing the saponification rate,
similar results have been observed in the 2,5«~diproryleycloe
hexyl and 2,5-dibenzyleyelohexyl systems (19, 22),

The extent to which such steric effects are to be
found in the lese sterically hindered 2-alkyleyclohexyl
syatens is difficult to assess, but one must hold reservae

tione concerninz conformntional analyazes which neglect thie

posaibility,
1.3 Steric Acceleration of Sglvolyues

Another example of steric effects in Zwsubstituted
eyclohexyl derivatives is provided by the solvolvaie of
2=f=butyleyclohexyl tosyletes (20), It wss found that the
gigw2atebutyleyclohexyl tosylate was acetolysed 90 times
faster than gigeiw~tebutyleyclohoxyl tougylote, and the
treng-leisomer was 145 times faster than the gLrangel-isomer,
These rate differences were attributed to steric zcceloraw

tion of the rate, i,e, the steric crowding of the gfebutyl
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sroup and tosylate group raised the enersy of the ground

stateo,
2. IRESULTS

Hydrozenation of 2,5w-xylenol in etharel over plotinum
cave a nixture of the three isomers of 2,5«dimethyleycloe
hexanol, iV, with vapor phose chromatosraph retention times
0l £e2, 1040, and 13.4 minutes on a diisodecylphthalate
coluan at 140° and present in 53, 59%, and 365, respectively.
Lydrogenation in acetic acid over »nlatinum gave only the
isomers of retention times 10,5 and 13,4 minutes in about
505 and 10/, respectively. Since the isomer with the re-
tention time of 10.6 nminutes »redominates in Loth hydro-
genatione it ie provably the “all gisg™ isomer, IVb (fiz, §5),
Cxidation of a mixture of thesce two isomers (retention times
10,5 and 13,4 minutes) gove a single ketone, Furthermore,
treatment of & mixture of the tvo lsomers with sodium metal
and a trace of ketone at 2100 converts the isomer of retene
tion time 10.0 ninutes into the isomer of longest rotention
tine, the most thermodynamicelly stable isomer, IVe. The
ketone must be gige2,0~dimethylevelohexanone, V {{iz, 6).
Lit dium aluminum hvdride reduction of V zave 1lhh of iVe

and 96 of IVb,.
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Pigure 7.
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3., DISCUSHION

3.1 fing Deformation and “terie Hindrance

The l{e}, 2(e) interactions between substituents
on the cyclohexyl ring may be relieved by a ring deformation
in which the interfering groups are allowed to bend away from
eachi other and in so doinz cause distortion of the normal
chair configuration of the ring (24). The 2,6edialkyleyclos
hexyl system 1s complicated by this effect as well az sterie
hindrance to reactions occurring at the lepositien,

The steric hindrance in the 2,0edialkylevciochexyl
system has at least two cources, ome of the steric hine
drance eaues from the {lanking of the reaction center {the
l-pogition) by two alkyl groups. In addition, an e’{ective
source of hindrance stems from the cowblned buttressing of
the ansulsr nethyls and the 3 ,5eaxial hydrogens (fig, 7).
For the stagzered confomation of the angular methyls, the
recction center is in effect surrounded by four 1,3-diaxial

hdrosens on & single side of the ring,

3.2 Lithium Aluminum Hydride Reduction of gise?,6e
Zinmethvlceyvelohexanone
The result that lithium aluminum hydride reduction

of gise?,=dinethylevclohexanone gives but 14% of the most
gtohle isomer is very striking in comparizon with the other

results as reported in Tahle IIT since this result constitutes
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the most extreme so far discovered, The result also sube
gtantiates the hypothesis that steric effects are imnortant
in lithium aluminum hydride reductions. Two equatorial

groups adjascent t0 a reaction site thus cause severe ctoric

hindrarnce.
3e3 Pogs%ble Isomerization of Alcolipls Juring
the Hydride ‘eduction

The reduction of the trang-2,H~dimethylevelohexanone
would give a sinsle aleohol, namely IVa {page 103) unless
isonerization of the alkoxide occurred during the reduction,
it the identification of the ketone used in this studv as
gisw?, mdinethyleyelohexanone is in error, then the occur-
revce of isomerisotion during the ketone reduction ecould
account for the recsults, and the lithium alkoxides of the
alcoholes IVa and iVe would be the products formed, This
nossibility is rendered unlikely since the isomerization
of the isomers of IV in sodium ethoxide catalyzed by ketone
is verv slow even at 2100, Eighteen and one~hall hours are
recuired to convert a mixture of alcohols containing 17% of
iVe to a mixture containing 503 of IVe, and equilibrium
was still not attained, In contrast, the hydride reduction
reaction mixture remained at room temperature for a little

over one hour,
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Hydrogenation of 2,6-ivlencl
Vacuun distilled 2,6-xylanol {50 g., O.41l mole) digm

solved in 70 ml. of distilled anhydrous acetie agid was
hydrogenated over 1,50 g. of platinum dioxide {Baker cateo-
lyst, 84.30%) at about threec atmospheres of hydrogen at room
temperature for 15 1/2 hours. The catalyst was collected on
a filver bed of Celite which was then washed with about 100
ml, of ecetic acid, To the clenr {ilirate was added 400 ml,
of water and 250 nl, of pentane, the layers were separated,
the pentane layer was washed with 300 ml, of water, 250 ml,
of 5% sodium hydroxide solution, and agzin with water, and
driod over barium oxide, Ae¢idification of the sodium hydrox
ide wash gave no unhydrogenated pherol, The dryins agent was
removed by filtration, &nd the pentsne was distilled on a
stenn bath leaving a liguid residue, 45 g. Vapor phase
chromatozraphy on 2 diisodecylphthalate column at 1400 ine
dicated the presence of small amounts of the 1,3«dimethyl-
cyclohexane isomers. The alcohol mixture was comnosed of

an estimsted 90% of an isomer whoze retention time was 10,6
ninutes and about 10% of an isomer whose retention time was
13.4 minutes, Vacuum distillation of the ligquid residue
throush a 12 mm, diasmeter 22 om, long fractionstion column

packed with 3x3 mm, cylinders of stainless steel wire gause
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{2700 mesh/cmu?) (obtained from Egzgmann and Co., Basel 3,
witzerland) yielded the liquid alcohols, bL.p. 68«7G,50 ot
15 rme Hige Vapor phase chromatorravchy indicated the preaence
of two isomersy retention time 10.6 minutes, ~ 90j; rctention
time 13 minutes, ~ 10%.

The 3,5«dinitrobensgoate of the "all ¢ig"™ isomer was
prepared by heating 10 ml, of the alcohol mixture in 20 ml,
of prridine with 20 g. 3,5~dinitrobenzoylchloride on a steam
bath for 1/2 hour, The mixture was allowed to stand 1/2
hour at room temperature and tien poured into 300 ml, of
water, The vellowish solid which precipitated was collected
with suction and when air dried yielded 18,0 g, Chromatoe
gravhy of this material digsolved in 100 ml, of methylene
chloride and 50 nl, of pentane on 2 kg. of acidewashed
alunina packed in pentane gove 6,7 g. of a solid eluted with
745 etherepentane, mep. 1241320, Recrystallization of this
solid from ethylacetate 3ave colorless cfystals, 1.9 gZa,
Mepe 133-133.80, Revorted (18}, m.p. 1339,

The phenylurethane prepared {rom the mixture in the
usual nmanner gave colorless crystsls on recrystallization
from carbon tetrachloride, m.p, 155-157.5%, ieported {25},
m.n. 1580,

Another hydrogenstion of 7,%-xvlenol in 957 ethanol
solution over platinum dioxide at 50 atms, at room temperae

ture gave a mixture of all three possible isomcrs, Vapor
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phase chromato.raphy on diisodecylphthalate at 140°; 8,2

minutes, 5%; 10.6 minutes, 59%; 13..4 minutes, 365, Frace
tional distillation of the mixture throush a spinning band
column gave middle fractions enriched in the 10,6 minutes
retention time isomer whereas a later fraction was nearly

free of the 32,2 minute izomer,

ig~2,b=Uimethyleyclohexanone

To a stirred solution of 6 g, of potassium dichromate
(0,02 mole) dissolved in a mixture of 30 ml, of water and
3 ml, of concentrated sulfuric acldiw armed to 55«600 were
added all at once 6 ml. (5.6 g., 0.04 mole) of an alcohol
mixture (~90%, 10.6 minute isomer and ~v10%, 13.L ninute
isomer), The mixture was stirred and maintained between
55500 for 1/2 hour. The mixture was cooled to room
temperasture after which 50 ml, of water and 50 ml. of
pentane were added, the layers separated, the aqueous layer
extracted once with 50 mls of pentane, and the combined
pentane lavers washed twice with water, once with 20%
sodium crrbonate solution, and aiein with water, The
pentane solution was dried over anhydrous mamesium sulfste,
filtered, and pentane was distilled i'rom the solution on a
gteam bath throuzh a8 40 em, lons column packed with glass
raschiz ringce The brownish licuid residuec was vacuum
distilled throush a Podbielniak column giving a clear

colorless liguid, 2.32 g« (39%), b.n. 47-43° 2t 5 mm. lige
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Vapor phacse chromatography zave a single peak whieh could
not be resolved into two peaks at lower temperatures on
different packings, The infrared apectrum was free of

hydroxyl absorption but had a strony carbonyl absorvtion,

gquilibration of the Alechols

Under an atmosphere of dry Os-free nitrozen, sodium

motal (0,144 ge, 04006 mole) was dissolved in an aleohol
mixture containing 83% of the 10,5 minute isomer and 17

of the 13.4 minute isomer (2,340 g., 0.019 mole) by heating
to 2109 in a 10 ml. pear-shaped flask equipped with a reflux
condenser and immersed in a silicone oil bath, After one
hour all the sodium had dissolved. A drop of gige?,l=diw
methyleyclohexanone wags added and the mixture waes heated

at 210° under a nitrogen atmosphere for = total of 18 1/2
hource. 7The cooled mixture was carefully poured into 100 nml,
of water ard 100 ml, of pentane., The lavers were separated,
the aqueouz layer was washed with 50 ml, of rentane, the
comblined nentane layers were washed with three 50 ml,
portionsg of water, with dilute hydrocbloric wzeld, snd
finally with water until the washings tested neutral, and
the pentane golution was dried over anhydrous magnesium
sulfate, The pentane was distilled from the {iltered solue
tion giving a liquid residue, Vanor vhase chrematogravhy of
thie residue indicated that about equal quantities of wsach

of the two initially present isomers were present,
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Lithium Aluminum Hydride Heduction of cis~-
2,6-Dimethyleycliohexanone

To lithium aluminum hydride (0.5 g., 0.013 mole) cone
talned in z dry 100 ml. flacsk equipped with & mechanical
stirrer, a reflux condenser, and a dropring funnel was
added 30 ml, of anhydrous ether. gige=,6-Dimethyleyclo=
hexanone {2.05 ., 0.017 mole) dissolved in 20 ml, of ether
was added dropwise with stirrins over a period of fifteen
minutes, The mixture was stirred for an additional hour
end then was hvdrolyzed by the cautious dropwise addition
of several ml, of water, 3Jilute hydrochloric acid was
added until a solid clump formed below the ether, The
sther solution was deeanted, and the solids were extracted
with three 30 ml, portions of ether., The combined ether
solutions were dried over barium oxide, Tiltered, and the
ather distilled leaving a liquid reslidue, The composition
of this liquid as indicated by vaepor phase ehromatogravhy
was 05 of the 10,6 minute isomer and 14% of the 13 minute

isoner,
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Proposition I.

Ihe Stereocchemiatry of 1,2-Hydrogen #ipgrations in Cyclohexyl
SEOMIO

The following are avallable exeanples of 1,2-hydrogen

migrations for whioh sterecchemistry hes been examined.

Acetolysis of gis-l-t-butyloyslohexyl p-toluenesulfonate
at 100% gives 86% olefin and 14% of & mixture of alkyl ascetates
which has & composition of LOX treng-i-t-tutyleyolohexyl
acetate, 30% eis-l~-t-butyloyclohexyl acetate, and 30% trans-
3=t-butyloyclohexyl smcetate (1). This latter product mst
be formed tirough hydrogen migration since L-g-butyleyclohex-
ene 13 stable under the reaction conditions, perchloric acid
catalyst beling neoosaax"y in order to affect addition. A
mechaniam involving two hydrogen bridged intermediates,

I and II, explalns the formation of trans-3-t-butyleycloe
hexyl acetate (Fig. l).

Acetolysis of threo- and erythro-3-cyclohexyl-2-butyl
p-toluenesulfonates (2) at 35° gives LOF to 60% olefin and
108 to 15% acetste which 12 almost entirely 2e-cyclohexyl-
2=-butyl ascetate, i.s. formed through hydrogen nmigration,
Acestate from optically pure threo- and erytiwo-tosylates
was 35¢ end 304 optically pure, respectively. The sign of
optical rotation was such that these optically active
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acetates mugt have resulted from micleophillic attack by sole
vent on the sane alde of the migration origin as had been
oceupled by the migraeted hydrogen. The mechanism depicted

in Fig. 2 accounts for the observed results,

Among other procducts, acetolysis of optically active
diasteriomers of 3-phenyl-Z-butyl p-bromobenzenesulfonate
at 30° gives racemic 2-acetoxy-2-phenylbutane (3). Under
the reaction conditions optically active 2-acetoxy-2-
phenylbutane 1s not sufficiently racemized to account for
the whole racemizetion. A mechanism similar to that in
Fige 2 explains this result.

Although the above mechanisms seem fairly adequate in
explaining the results, and additional mechanism involving
els opening of protoniuwn ions has been proposed (2).

{Fige 3) For the 3=oyolohexyle2<butyl system, this mechan=
isn explaing the dlfference in optical purity of rearranged
product for the different dlasterscisomeric starting mater-
iels., This type of mschanism may elso explain tls formation
of trang-3-t-butyloyolohexyl acetate from the l-t-butyl-

cyclohexyl system (2). It is interesting that only a single
bridged ion, I, need be postulated if this mechanism is

operating (Fige U4).

In order to test the hypothesis of c¢is protoniun lon
opening and to gain more information concerning hydrogen

migretions in cyoclohexyl systems, it is proposed that a
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comparison of solvolytic products of 2d,6akdimethyloyclohsx-
20yl (IID), 14 3edimethyleyelohex-la=yl (IV), 20,68~
dimethyloyclochex-l~-y1l (V), &nd lq’.%-dz.methylcyclohox-lﬁ-yl
(VI) osters (p-nitrobenzoastes, 2,l-dinitrobensoates, otc.)
be made. If a mechanism of the type deploted in Fig. 2

ia operative, both III and IV would give the sane 1,3~
dinethyleyclohexyl products (Fig. 5)e Thias would also be
the case for V and VI (Pig. 6). 4 protonium intermediate

is 1ndicated 1f the products from IXI and IV or from V and
VI are dissimilar, The extent of the di fference of rearranged
products with respect to configuration gives a measure of
the amount of gis protonium ion opening (Figs. 7 & 8).

Configurational assignments have been made previously for
the three stereoisomers of the 2,6-dimethyloyclohexyl system
(4)e A scheme is proposed for the asalgznment of confizurae
tlon to the 1l,3«dimethyleyelohexyl sys tem (Pig. 9) whioh is
bagsed on the scheme used for aseignments in the 3-methyley-

clohexyl system (5 & 6).
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Proposition 1I.

Wittig Rearrangement at a Bridgehead.

The nuamber of intramolecular rearrangemente in which
an alkyl or arylalkyl group migrates to an electron-rich
carbon atom 18 small., The Stevens and Wittig rearrange-
ments £1¢ this description. In the Stevens rearrangement
the migration origin is either nitrogen (ammonium halides)
or sulfur (sulfonium halides), and in the Wittig rearrange-
ment the origin 1s an oxygen atom {1 - 4). The groups which
have bsen phown to migrate in one or both of these reactions
include methyl, ethyl, sec~-butyl, benzyl, m- and p-substl-
tuted bengyl, a-phenylethyl, phenacyl, allyl, and 3-phenyl-
propargyl. Poth rearrangements are initiated by base (for
the Btevens rearrangement hydroxide, ethoxlde, and amide,
and for the Wittig rearrangenent ,phenyl and butyllithiun,
potassiunm amide, and propyleocdium). The rearrangements may

be formilated as i'olléws(yf/g 1)
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T™he above formilations do not speclfy nechanlstic
details; most, slthough not all, of the research that has
beon done on the electronic and sterecchemical papects of
reactions of this type has involved the Stevens rearrange-
nent. The Stevens resrrangement has been shown to be intra-
molecular by applying the reaction simultaneously to two
differcnt compounds {which individually react at similar

rates) in the same nediun and demonstrating that no inter-



changes of the migrating group between the two systems
occurred {1b, 2). That the migroting group in the Stevens
reerrangement completely retains its configuration was
demonstrated using optically sctive a-phenylethylphenacyl-
dimethylammonium halide {3). At least in some systems in
some media a carbmmion hes heen shown to be formed under
the reaction conditiona. Thus, when e¢,a-dideuterchenzyl-~
ethyl ether was treated with propylsodium in octane,
analysis of recovered starting naterial showed that some
deuterium-hydrogen oxchange had occurred (4). The rate of
rearrangenent of benzylphenacyldimethylammonium ion in~
creased but approached a limit as the concentration of
hydroxide ion in the medium was increased {lc). Further-
more, deeply colored solutions often develop during the
reaction (1b). 'These facts are consistent with the reversible
and non-rate determining formation of a carbanion at the mi-
gration terminus prior to the migration.

™e question of whether the migrating group (R) has
cerbonium or carbanion character or is neutral is a subtle
one, The rate-determining migration of the henzyl group
in the Stevens reerrangement of the benzylphenacyldimethyl-
amponium ion 18 accelerated by electron-attracting substituents
in the metaz and p-positions of the benzyl group (H02‘>>
halogen > CHS. H> ocns) (1b,c).



If the benzyl group were to migrate as a cation, the

reverse order should be expected since the relative uni-~
molecular rates of the corresponding benzyl halides (in-
volving the cerbenium fon intermediate, Sy.l)ere in the
reverse order (5, 6).. Moreover, 17 the migration inveolved
a free carbonium ion {i.e. not an intinate ion-pair) inter-
mediate racemization would be expected for cptically active
mizrating groups whercas retontion has been observed {(3).
These date are, however, consigtent with an intramoleculsar
micleephilic reaction of the sNi type involving frontelde
attack by the carbanionic center on the mizrveting cerbon (6)
(fig. 2, VI and VIIX); consideration of the resononce stmc-
tures contributing to the hybrids VI end VIII (which may be
unstable transiticn states or intermediates) reveals that

they may include some carbanionic character for the

migrating group.

L J
Por a review of this literature see reference 7.
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The data are also congruent with nigration of the R group
ac a carbanion {1h,c) which moves from origcin to terminus
without racemizing. Thic latter possidhility involves
greater localication of charge than the mechonism depicted
in Plgure 2, and hence appears to© be less favorable.

It is proposcd that the suggected mechanism (fig. 2)
males this an interesting recaction ¢o study on a bridpehead
systam.  The copentially frontside displscement and fallure
to develop 2 substantial positive charge on the migrating
center of R should allow this reaction ot a brideehead to
proceed; some carbonionic character ot bridpehead aarbona‘
is not unfavoratle {2). In gcneral the previcusly ob-
served cases involving intramolecular rearrangements at
bridgehead carbons have involved migrations to electron-
deficient centers. The proposed reaction would involve
migration of the bridgehead carbon to a carbanionic center.

It i5 proposed to study the compound l-bicyclof2.2.2]octyl
benzyl cther in the Wittig rearrangement. The rearrangement |
has previcusly been observed wlith secondary alkyl groups, but
no tertiary groupe have bheen studied. Models of the proposed
system reveal that the steric interference is not so great as
to make the rearrangement unlikely; furthermore the P-elimina-
tion reaction which competes with the rearrangement for R =

’A possible exception to this statement is the reaction
of U-camphylmercuric iodide with triicdide ion to give 4-
%odocamphane. For & review of this literature see reference



geg-butyl (8) is very unlikely here due to the difficulty
of forming bridgehead double bonde. The proposed reaction
conditions are phenyllithium in refluxing diethyl ether or,
i1f higher temperatures are required, n-propyl sodium in
refluxing di-n-butyl ether,

It is proposed to synthesize the l-bilcycloef2.2.2]
octyl benzyl ether from the reaction of the alkoxide of
1-bicyclof2.2.2] occtanol and benzyl chloride. The l-bicyclo-
[2.2.2]cctancl may be synthesized by the methods previously
described (G). The product of the rearrangement, l-bicyeclo
{2.2.2]octylphenyl carbinol, may be prepared by 1lithium
aluminmum hydride reduction of the corresponding ketone,
which is itself prepared by the reaction of the Grignard
reagent from l-biecyclo(2.2.2]octyl chloride with benzalde-
hyde., This latter reaction should proceed satisfactorily
since phenyl-t-butyl ketone may be prepared analogously in
684 yield (10), and the side reaction of B-elimination pos-
sible for the t-butyl case is not possible here for the

reasons previously mentioned.
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Proposition III.

Conformational Anslysis of the Chloro Groupe.

~ Although the frec energy dl iference between an axlal and
equatorial bromine in the oyelohexyl ays tezr hes been deter-
rnined (1), the corruaponding deternination for a chiloro group
has not been accomplished.

The required energy differences ior the chlorocyelohexyl
system might be obtained from a lzinetisc study or equililibra=-
tion experiments. In either case, a clean reaction is desired
which may be followed with es&se. Reactlons involving bimole=
cular displesezent of chlorine mey be ruled cut because come
peting elimination ococurs. It is proposed that an E2
elimination reaction with a bulky base such: as potassium
t-butoxide would provide the necessary date. The rates for
cis- and trang-l-t-butylcyclohexyl chloride as well es
oyclohexyl chloride would be determined and dlssected in

the usugal mamer (2).

Another problem asscolated with the conforneationsal analy-
els of the chlero group might also be exemined, The eqguilie
briun mixture of l,2-dimethyleyclohaxyl bromide 1iIn acetlo
sold at 25% contains 15% of the gig-1,2-dimethylcyclohexyl-
bromide (3). It appears that bronine prefers the sxial



position over & methyl group (c¢f also reference lj). On the

other hand, the infrared spectrum of l-methylcyolohexyl

chloride when compared with the apectra of steroidal chlorides

indiocates the chloro group to be in an equatorial position

(5 & 6). By expanding the proposed study to include the

le=me thylelecilorocyolohexyl system more information on the

relative slizes of methyl and chlorine would be obtalned,

and the discrepancy pointed out above would be clearad up.
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Proposition IV.

oprovement of the Low Pressure Limit Detectebllity of the
Bayard-Alperg Ionisation Vacuum Gauge.

The measuremsent of very low pressures is frequently ac-
complished with the Bayard-Alpert ionization gaugse (1l).
The lower limit to the pressure rsasureble with thls gauge
i» reachaed when the ion ocurrent collected hecomes small
enough to be maskad by the residugel, pressure independent
photocurrent. The lower pressure limit for most gaouges
is in the 10'3'0 ma Hg venge. With presently avallable
vasuum sys tem ooriponents, presswre on this order and even
lower nay be attained. A method for extending the low
presgure limit of the Bayérd-hlpert geuge is proposed.

The residusl current in the Bayard-Alpert gauge is e
to sesondary slectrons ejeoted from the ion collsctor
electrods when goft x-rays impings on it.

The oross section for secondary electron production
varies as the s tomic muber of the target element to
the fifth power (2). It is proposed that the use of
8 low stonic mumber nmaterial such ag berylium for the
collector electrode will grestly reduce the low presure



limit.

1.

24

F({iTong)&yﬂrd and DoAlpm't. RQV.SGi.IﬂStE.. 21. 571"572
9

K.Siegbahn, "

Bete~ and Gaume-La ctrcscopy, Inter-
science Publishers, New TOrKk, ff!;égf. PP 23%2



Propogition V.,

A method for determining the mass of ions in a beam
is proposed which is based on the transmission properties
of ions threugh thin sheets of metal and on the dependence
of secondary electron yields upon the mass of an ion inm-
pinging on a surface, The usefulness of the instrmment
is illustrated by its capability to resolve N,' and cO*
ions.

When ions are fired through thin metal sheets or a gas,
separation according toe the properties of the ions may
occur, Diasociation of polyatomic ilons amxd charge exchange
may give rise to fragments of the origingl ion which may
retain mich of the original kinetic emergy. For example,
cot dissoclates when fired through a helium gas target
end O% emerges from the far side (1). Also, although He'
will pass through a thin shest of slumimum, D,* breaks
into fragments neither of which has sufficient energy to
pass through the barrier (2).

One of the present problems in mass spectroscopy 18
that of distinguishing between N,' and CO* both of which
have essentially the same mass. It is proposed that the
thin sheet technique may be developed to permit the separa-
tion of the N,* and CO" peaks. Presumsbly, if a thin metal
sheet a few hundred Angstroms thick were used and a amixed
beam of CO* and N,* of high homogeneous energy impinged



on the metal sheet, co’ would break up and o% would emarge
from the far side. The C fregment would perhsps be trapped
in the metal lattice, i1.e. metal carbides would be formed.
™e reverse reaction is known to ocour on a hot tungsten
filement (3). The Ny’ ispinging on the metal sheet would
be expected to dissociate and N' would emerge. The result-
ing 1on beam emarging from the metal sheet would now consist
of 0% and N* fons of inhomogenecus energy. The masses and
energles of these two ions would be sufficiently different
to easily allow their separation by conventional mass spec-
troscoplic means.

It is possible that a perticular metal sheet may prefer
- to stop oxygen and nitrogen fragments and form oxides and
nitrides. Different choices of materisls for the thin
sheet may alter the nature of the separation, but in genaral
the emergent ions will have different masses and snergles
whether they be ¥, 0%, or N'. |

Becsuse of weight limitations placed upon experiments
to be performed in space and on planets, it may dbe incon-
vanient to analyze the emergent ion beam with a magnetic
gsector instrument. Purthermore, the development of new
types of mass discriminating systems 1is of itself important.
A mass discriminating device is proposed which utilizes the
variation of secondary electron yleld with the mass of an
impinging ion. This device could be used in conjunction
with the method deseribed sbove for the resolution of CO
end N, peaks.



The secondary eleotron yileld caused by positive ions
incident upon a solid smurface varies as the reciprocal of
the square root of the mass of the incident ion for ien
energies on the order of a kilevolt (4). At higher
snergies the secendary electron yield varies directly with
the mass of the ion (4). The yield alse veries in an ap-
proxinstely linear mammer with the energy of the incident
ion (5). Alse, diatomic molecules provide larger secondary
electron yields than an atomic ion of the same mass (5).
Organic molecules would be especially effective in causing
secondary electron emission.

Developmental research would be required to deternine
what kind of solid surfaces would be most effective in dis~
criminating against different msassee. A wide spread in
secondary electron yields is required, Perhaps materials
with large secondary electron emission coefficients would
be more likely to provide the required spread in ylelds,

An electron multiplier may be used to amplify the
secondary eleotron yields to currents of such size ss to

be easily measured by counting or integrating electronics
(6). Tws, the first dynode of the eleatron multiplier
would become the source of secondary electrons due to ion
bombardment. If the density of incident ilons 1s low, the
use of 8 multichannel pulse height analyzer and ion counting
technigques on the output of the elsctron multiplier would
yield the required mass spectrunm,



One would hope that the instrument could be mo developed
that reasonadbly good resolution of adjacent masses would bde
accomplished, BEBvaluation of the instrument would de carried
out by comparison of the spectra obtained with 1t for known
gas saxples. The gas sample would be lonized by use of con-
ventional ion sources. An electrice sector following the
ion source produces 2 beam of ions having the same kinetic
energy, and would be followed in turm by the aecondary
~emipsion target and the electron miltiplier. Por applica-
tion of the instrument to the separation of CO and N, peaks,
the ion source would he followed by a mass resolving system
which selects the mass 28 peak. The beam would then be
accelerated te high energies, fired through the target
material and strile the first dynode of the electron multi-
plier,
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